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ABSTRACT

Ominum rerum principia parva sunt.

“Everything has a small beginning....” —Cicero, ‘De finibus.’

The mechanisms that regulate gene expression are complex, however many features have
been well-conserved through evolution. Repulsive guidance molecule ¢ (RGMc), or
hemojuvelin (HJV), is a member of a three gene family that in most vertebrates plays a
critical role in iron metabolism, yet virtually nothing is known about the regulation of
RGMc gene expression. To better understand the mechanisms that regulate RGMc
expression, this dissertation investigates the molecular biology and biochemistry of the
RGM family, presents the first detailed analysis of the RGMc promoter and data to
support a post-transcriptional mechanism for RGMc gene regulation, and integrates the

findings into an understanding of the molecular evolution of the RGM family of genes.

This dissertation discusses three main topics: (1) the genomic structure of the RGM
family of genes, (2) the mechanisms of transcriptional and post-transcriptional regulation
focusing on RGMc, and (3) the molecular evolution of the RGM family. The long-range
and overarching goal of this dissertation is to enhance understanding of the molecular
mechanisms by which evolution has shaped the regulation of gene expression in a family
of genes, like the RGM family.

Following a brief introductory chapter on gene regulation, this work addresses the
molecular biology and biochemistry of the RGM family, beginning with the structures of
the genomic loci and organization of the genes across multiple organisms. In addition,
chapter 2 attempts to define and critically evaluate what is known about the RGM family,
and identify critical gaps in our understanding of the gene family. The molecular
evolution of the gene family is presented along with the first ab intio structural model to

permit future work for investigators in the field.
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Chapter 3 of this thesis focuses on defining the detailed gene struture of RGMc, its
transcripts, and mechanisms of transcriptional regulation of the gene. Using reporter
gene experiments, three critical regions of the proximal promoter are identified that are
responsible for RGMc transcriptional activation in skeletal muscle, comprising paired E-
boxes, a putative Stat and/or Ets element, and a MEF2 site. In non-muscle cells,
expression of the muscle transcription factors myogenin and MEF2C can stimulate
RGMc promoter function suggesting that these factors are important components for the
expression of the gene in skeletal muscle. As these elements are highly conserved in
RGMc from multiple mammalian species, the results presented in chapter 3, coupled with
the evolutionary analysis in chapter 2, support the hypothesis that RGMc has been a

muscle-enriched gene throughout its evolutionary history.

Finally, the 4™ chapter reveals a novel region, called the e-element, in the untranslated
region of the RGMc transcript that operates via a post-transcriptional mechanism. RT-
PCR results demonstrate a constant steady-state level of mMRNA whether this element is
present or absent, but an order of magnitude increase in reporter expression only when
the element is present. Additional data reveals that RGMc is not regulated by iron levels
prior to the formation of nascent protein. These data suggest that the g-element
controlling RGMc expression may be an example of a small, but growing number of
regulatory mechanisms that utilize the 5’-untranslated region (UTR) to enhance
translation of specific mRNA transcripts into a nascent protein.

In summary, this dissertation reveals the promoter of RGMc (the first example in the
entire three gene RGM family), a possible positive translational control element in the
5’UTR of RGMc, the first ab initio structure of the RGM protein family, and provides a
foundation to understand the molecular evolution of RGMc, and how this knowledge
may be applicable to gaining insight into the structure, function, and development of gene

families and their tissue-specific patterns of expression.
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Chapter 1

Introduction

"The most erroneous stories are those we think we know best -- and therefore never scrutinize or

guestion." —Stephen Jay Gould

“Dubitando quippe ad inquisitionem venimus, inquirendo veritatem percipimus,” (by doubt
indeed we come to questioning; by questioning, we perceive the truth). —From the Prologue to
Peter Abélard's ‘Sic et Non.’



1.1: General Overview.

Iron-related metabolic and hematologic disorders affect millions of individuals
worldwide. Repulsive guidance molecule ¢ (RGMc), or hemojuvelin (HJV), is a gene
shown to be critical for iron regulation [1-3], as inactivating mutations in RGMc/HIV
cause juvenile hemochromatosis, a severe systemic iron overload disorder in humans [3].
The molecular mechanisms responsible for the regulation of RGMc under physiological
and pathological conditions, as well as many of the most fundamental aspects of the
biology of RGMc are unknown. In addition, understanding the regulation of RGMc
expression has been complicated by its unique tissue distribution, being expressed

exclusively in striated muscle and liver.

The primary focus of this work will be (i) to define the structure of the RGM family of
genes from the genomic level to an ab initio protein model, (ii) understand the
mechanisms responsible for the regulation of RGMc transcription in skeletal muscle, and
(iii) gain insight into the post-transcriptional regulatory mechanisms that may control
RGMc expression in multiple tissues. The overarching theme of this dissertation is to
enhance understanding of the molecular mechanisms by which evolution has shaped the
regulation of gene expression in a family of genes, like the RGM family. From the
experimental data, this dissertation will discuss the evolutionary implications of these
regulatory mechanisms and provide a foundation for future experimentation within the
RGM family of genes, as well as implications for how novel expression patterns may

arise from conserved regulatory mechanisms.

The first part of this introductory chapter will briefly explore the regulatory mechanisms
of gene expression from an evolutionary perspective, focusing on control at the

transcriptional and post-transcriptional levels. Next, there will be a brief overview of
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where RGMc appears to be a critical regulator of systemic iron metabolism. Finally, |

will discuss the overall objectives of each chapter of this dissertation.

1.2: Expression and Regulation of RGMc

The control of gene expression in complex tissues such as skeletal muscle and the liver
involves an elaborate interplay between signaling pathways and their downstream
effectors, which include factors that affect transcription, mMRNA stability, translation of
the protein, and post-translational processes on the protein. How tissues specifically
control the initial expression of tissue-restricted genes and in response to stimuli remains
an ongoing challenge. RGMc is a gene whose expression is restricted to striated muscle
and liver, yet its loss or mis-expression has a profound impact on systemic iron
metabolism. The signaling pathways and fundamental regulatory mechanisms that
control RGMc gene expression in development and normal physiology remain largely
unknown. To date there are no other genes whose expression is restricted to striated
muscle and liver, making RGMc unique in that understanding its regulatory mechanisms
will provide insight into systemic iron regulation and tissue-specific gene expression. The
main focus of this work will be to define the mechanisms responsible for the regulation
of RGMc transcription in skeletal muscle, and the post-transcriptional mechanisms in
skeletal muscle and liver. The long range goals are to understand the mechanisms of
tissue-specific regulation of RGMc/HJV in response to developmental or physiological
cues and how this expression influences iron metabolism in normal and diseased states.
For example, this work could be applied towards a tissue-specific knockout of RGMc to
determine the possible functions of the gene in each tissue in which it is expressed. To

place these studies in the appropriate context, outlined below is the current understanding



of the regulatory mechanisms of gene expression from an evolutionary perspective, as

well as the role of RGMc in systemic iron homeostasis.

1.3: Gene Regulation: Transcription from an evolutionary perspective.

The first example of gene control began with the experiments by Francois Jacob and
Jacques Monod in the 1960°s. Using biochemistry and genetics on the bacterial lactose
operon (set of genes), they demonstrated the primary recognition of (i) protein-binding to
sequences on genes and (ii) that this binding leads to the regulation of transcription [4].
Several elegant experiments over the ensuing decades performed by teams of researchers
using both prokaryotes and eukaryotes followed these groundbreaking discoveries and
led to an ever increasing understanding of the complexity of transcriptional regulation.
Despite this complexity, the importance of a sequence-specific DNA-binding and
subsequent recruitment of large numbers of enzymes and structural proteins that allow
the RNA polymerase to transcribe the nascent messenger RNA (mRNA) [5] can be
distilled into a simple premise: the mechanisms of regulated recruitment that permit
transcription are highly conserved [6-9]. This is especially true in eukaryotes, where
large numbers of proteins (estimated to be at least 60-80 individual subunits [5, 7, 8, 10,
11]) regulate the initiation of transcription. Nevertheless, the fundamental concept of
‘regulated recruitment’ remains a central theme [8, 9]. Classic examples are the yeast
Gal4 system [6] and the yeast two-hybrid system [4, 12] where the transcriptional
activation domain and DNA-binding domains are separable. This makes intuitive sense
from an evolutionary perspective, as recruitment is an easier way for systems to evolve,
especially for complex signaling with multiple inputs [7-9]. When biological events are
regulated by recruitment, there is almost always a background level, and the system is

simply increasing the probability with which a spontaneous event might occur, thus



increasing the level of expression in the case of gene regulation [7, 8]. From an
evolutionary perspective, ‘regulated recruitment’ is an ideal way for systems to evolve

complex regulatory mechanisms to control gene expression.

As early as 1975, King and Wilson suggested during the course of evolution, subtle
changes in the regulation of genes following gene duplication was the most parsimonius
explanation for appearance of new gene families with different functions (and/or patterns
of expression) [13]. As much of the regulatory machinery is well-conserved in
eukaryotes [14-17], it is the regulated recruitment of various transcription factors that
likely controls the restricted patterns of expression seen in a large number of gene
families, which almost always involves changes to the transcription factor binding sites
[14, 17, 18]. This fundamental concept of transcription factor binding site conservation,
coupled with the large explosion of genomic sequences, has led many to propose that
gene families of recently duplicated, but subsequently diverged genes may provide a
unique opportunity for comparative analysis of regulatory elements (a concept called
‘phylogenetic footprinting’) [19-21]. One of the major challenges with phylogenetic
footpriniting is the ability to obtain reliably orthologous (similar or identical genes
following a speciation event) promoter regions, a process that is actually quite difficult
due to the numerous idiosyncrasies of vertebrate genomics [20, 21]. However, this
challenge is greatly reduced when there are high quality functional data about one of the
promoter regions being compared. In this dissertation, the promoter region of mouse
RGMc is characterized (chapter 3), and subsequently compared with the genomic
sequences of RGMc from other organisms. By having a data set that is functionally
defined, and comparing it to genomic sequence data, inferences about the evolution of
RGMc gene regulation, and potentially the entire RGM family, can be made. As will be
discussed in the following chapters, the fundamental findings presented in this
dissertation may provide a foundation for future regulatory studies for the entire RGM

5



family, all based on the premise that evolution has already performed the experiment on

whole organisms.

1.4: Gene Regulation: Translation.

Often gene regulation occurs at the level of transcription intitation, one of the earliest
steps in a biochemical pathway [5, 11, 22]. In addition to transcriptional regulatory
mechanisms, gene expression can be controlled at multiple levels including post-
transcriptional processes like translation of the mRNA. Both transcription and
translation are critical for the cell, as both of these biosynthetic steps require a large
investment of energy [22] and mis-regulation can have deleterious consequences [5, 23].
There are several compelling reasons for a cell to use translational control in its arsenal of
regulatory mechanisms including (i) rapidity of need for certain proteins, (ii) finer
control, including spatial needs of the cell, (iii) regulation of large genes, (iv) in systems
that lack transcriptional control (e.g., reticulocytes, oocytes, RNA viruses), and several
other possibilities as reviewed in Mathews, et al., [22]. Chapter 4 of this thesis will
investigate an element in the untranslated region of RGMc mRNA that appears to be

regulated at the level of translation.

1.5: Iron Metabolism in Eukaryotes.

Iron is an essential element critical for numerous cellular processes and will be reviewed
in the context of RGMc in chapters 2 and 3. While the primary focus of this work is to
understand the regulatory processes that control RGMc gene expression, it is important to
consider the known phenotype when RGMc / HJV is mutated, that is severe iron

overload. In 2004, RGMc / HJV was found to be an important component of whole body
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iron metabolism, and RGMc was suggested to regulate the peptide hormone hepcidin.
Figure 1.1 outlines the current understanding of RGMc’s relationship to iron regulation,
along with the implications of muscle being added to the iron homeostatic pathways (as
RGMc is expressed in striated muscle and liver). As will be noted in chapter 2, this
model is oversimplified as RGMc appears to be processed into at least four distinct
isoforms capable of binding different proteins with variable affinities (see Fig. 2.5 for
details). Nevertheless, the clinical phenotype of patients with mutations in human HIJV
(RGMc / HFEZ2) is that of decreased levels of hepcidin in the blood and the urine, and
subsequent iron overload. Experiments presented in chapter 4 support the hypothesis that
any effects of iron on RGMc expression are unlikely to occur prior to the appearance of
protein. The iron-sensing mechanism for RGMc regulation remains unknown at this

time.

1.6: Dissertation Overview.

The major findings of this dissertation include (i) mapping the gene structure of mouse
RGMc and genomic comparison to RGMc in other species, (ii) characterizing the
promoter of RGMc in skeletal muscle, (iii) identifying a post-transcriptional regulatory
element in the untranslated region of RGMc mRNA, and (iv) creating a phylogentic tree

and ab initio protein model of the RGM family.

Chapter 2 will investigate the current understanding of the RGM family, including
evolutionary relationships and ab initio modeling to query possible structure-function
relationships of the RGM proteins, as well as identify areas for future research. In

particular, the chapter highlights the fact that little is known about the regulatory



mechanisms of gene expression in the RGM family, especially for RGMc, and provides

an introduction to the major gaps in knowledge that are addressed in this dissertation.

The aim of chapter 3 is to determine the regions of the RGMc locus that contribute to
promoter activity during muscle differentiation. Data presented in this chapter
demonstrate that (i) transcription of RGMc is induced early in muscle differentiation, and
(i) that three primary regions of the proximal promoter are important for RGMc
promoter activity in differentiating muscle cells, being identified via a combination of
promoter-reporter with site-directed mutagenesis experiments, gel-shift assays, and co-
transfection/overexpression experiments to identify the most probable transcription
factors that regulate these regions. Furthermore, a survey of the proximal promoter
coupled with fragments of the RGMc locus that are well-conserved in mammals reveals

all promoter activity is located within a region less than 1 kb.

Chapter 4 identifies a region of the RGMc mRNA 5’ untranslated region (UTR) that
increases luciferase reporter activity by 10-fold in muscle and over 40-fold in three
different liver cells lines. The primary focus of the chapter will be to determine the
fundamental mechanism by which this element operates and provide preliminary insight
into future work on the regulation of RGMc expression. Three hypotheses are presented

and experimental data currently support a mechanism of translational regulation.

Finally, the appendix represents additional results related to the dissertation.
Collectively, the data and discussion presented in this work create a detailed
understanding of the most fundamental aspects of RGMc gene regulation and provide the

foundation for future investigation into the evolution of gene families.
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Figure 1.1: Models of the pathways involved in iron homeostasis.

Iron levels in the plasma are tightly regulated in multicellular organsisms. In humans, A.
the majority of iron is found with erythrocytes (red blood cells) and hepatocytes (~1.0 g).
Approximately 20 mg of iron is required daily in the bone marrow for incorporation into
hemoglobin in erythroid precursor cells. Most of the iron found in the plasma derives
from the continuous breakdown of hemoglobin in senescent red cells by
reticuloendothelial macrophages. Approximately 1 to 2 mg per day is also taken up by
duodenal enterocytes and transferred to the plasma compartment or, depending on body
needs, stored in the enterocytes as ferritin. These stores are eliminated when enterocytes
are sloughed off at the end of their life cycles; apart from menstrual blood loss, this is the
only significant means by which excess body iron is excreted. Iron recycled by
macrophages (as well as that absorbed from the gut) is loaded onto serum transferrin and
delivered primarily to the bone marrow for reincorporation into new red-cell precursors.
B. In the duodenal enterocyte, dietary iron is reduced to the ferrous state by duodenal
ferric reductase (Dcytb), transported into the cell by divalent metal transporter 1 (DMT1),
and released by way of ferroportin into the circulation. Hephaestin facilitates enterocyte
iron release. Hepatocytes take up iron from the circulation either as transferrin-bound
iron (through transferrin receptor 1 and transferrin receptor 2). Transferrin receptor 2 may
serve as a sensor of circulating transferrin-bound iron, thereby influencing expression of
the iron regulatory hormone hepcidin. The hepcidin response is also modulated by HFE
and RGMc / Hemojuvelin, via an unknown mechanism, and to date, the source(s) of
soluble RGMc is unknown. Hepcidin is secreted into the circulation, where it down-
regulates the ferroportin-mediated release of iron from enterocytes, macrophages, and
hepatocytes (dashed red lines). Figures and figure legends taken from Pietrangelo

(2004), Ref. [24]; Fleming and Bacon (2005), Ref. [25].
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Chapter 2

The Repulsive Guidance Molecule Family

“Nothing in biology makes sense except in the light of evolution.” —Theodosius Dobzhansky
“Evolution does not produce novelties from scratch. It works on what already exists; either

transforming a system to give it new functions or combining several systems to produce a more

elaborate one.” —Frangois Jacob, Science (1977), Ref. [26]
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2.1 Summary

Repulsive guidance molecules (RGM) comprise a recently discovered family of
glycosylphosphatidylinositol (GPI)-linked cell-membrane-associated proteins found in
most vertebrate species. The three proteins, RGMa, RGMb, and RGMc, are products of
distinct single-copy genes that arose early in vertebrate evolution, are ~ 40 - 50%
identical to each other in primary amino acid sequence, and share similarities in predicted
protein domains and overall structure, as inferred by ab initio molecular modeling, yet
the respective proteins appear to undergo distinct biosynthetic and processing steps,
whose regulation has not been characterized to date. Each RGM also displays a discrete
tissue-specific pattern of gene and protein expression, and each is proposed to have
unique biological functions ranging from axonal guidance during development (RGMa)
to regulation of systemic iron metabolism (RGMc). All three RGM proteins appear
capable of binding selected bone morphogenetic proteins (BMPs), and interactions with
selected BMPs mediate at least some of the biological effects of RGMc on iron
metabolism, but to date no role for BMPs has been defined in the actions of RGMa or
RGMb. RGMa and RGMc have been shown to bind to the trans-membrane protein
neogenin, which acts as a critical receptor to mediate the biological effects of RGMa on
repulsive axonal guidance and on neuronal survival, but its role in the actions of RGMc
remains to be elucidated. Similarly, the full spectrum of biological functions of the three
RGMs has not been completely characterized yet, and will remain an active topic of

ongoing investigation.
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2.2: Introduction

The repulsive guidance molecule (RGM) gene family consists of three recently-
discovered members, RGMa, RGMDb, and RGMc [3, 27-31]. Each gene encodes a
protein whose expression is restricted to a small number of tissues and is hypothesized to
be involved in distinct biological functions ranging from control of iron metabolism to
regulation of axonal guidance and neuronal survival in the developing nervous system.
The RGM family receives its name from the axonal guidance molecule RGMa [28], a
protein found primarily in the developing and adult central nervous system [27-29, 32].
A second member, RGMb (or Dragon [30]) is also detected in the nervous system, but in
a different expression pattern than RGMa [30, 33]. The biological actions of RGMb are
poorly characterized to date. The third member of the family is RGMc (also called
hemojuvelin (HJV), HFE2, and Dragon-like muscle (DL-M)). Unlike RGMa or RGMb,
RGMc is not expressed in the nervous system, but rather is produced by striated muscle
and the liver [29, 31, 33, 34]. RGMc surprisingly regulates iron metabolism, as
inactivating mutations cause juvenile hemochromatosis, a severe systemic iron overload
disorder in humans [3]. To date, there has been no comprehensive assessment of the
most fundamental aspects of the biology of the RGM family, including regulation of gene
expression, control of protein biosynthesis, the relationship of protein structure to
function, or mechanisms of action of each of the RGM proteins. In this chapter we
address the molecular biology and biochemistry of the RGM family, attempt to define

and critically evaluate what is known, and identify new areas for future investigation.

2.3: RGMa

2.3.1: Chromosomal organization and gene structure.
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RGMa has been identified in ten mammalian and eight non-mammalian vertebrates,
where it is a single-copy gene (Table 2.1). A single RGM gene also has been described
in several invertebrate species, including urochordates, echinoderms, mollusks, and
nematodes [35], as will be discussed in the molecular evolution section below. In
vertebrates, RGMa comprises one of six conserved genes in a syntenic locus [36], as can
be assessed by analysis of the corresponding parts of the human, mouse, and chicken
genomes (Fig. 2.1). In these three species RGMa is positioned in the opposite
transcriptional orientation from the other nearby genes. The locus is also conserved in
zebrafish (Fig. 2.1). Within the cluster of six conserved genes near RGMc in human,
mouse, and chick, Mctp2 (multiple C2 domains, transmembrane 2) is found 5’ to RGMa,
while Chd2 (chromodomain helicase DNA-binding protein 2), St8sia2 (ST8 alpha-N-
acetyl-neuraminide alpha-2,8-sialyltransferase 2), and Slco3al (solute carrier organic
anion transporter family member 3A1) are located 3°. The latter three genes also are
positioned downstream of RGMa in the zebrafish genome, but Mctp2 is absent (Fig. 2.1).
In addition, in all four species, Nr2f2 (nuclear receptor subfamily 2, group F, member 2)
is located upstream of RGMa, although both the relative orientation and the distance
among species varies [~2 Mb in human and mouse genomes and ~830 kb in zebrafish,

where the transcriptional direction is reversed] (Fig. 2.1).

Human and mouse RGMa genes are of comparable size, ~46 and ~44 kb respectively,
and have a similar organization, being composed of four exons separated by three
variably-sized introns, although the precise 5’ end of exon 1 has not been defined in
either species (Fig. 2.2 and Tables 2.2 and 2.3). In both genes, exon 1 is non-coding, and
consists of most of the 5” un-translated region (UTR) of RGMa mRNA. Exon 2 contains
the remaining 35 nucleotides of the 5 UTR and the first 26 codons of the RGMa protein,
while exon 3 encodes the next 72 codons (73 in mice), and exon 4 the remaining 328
codons (321 in mice), plus a 3’ UTR of ~1800 nucleotides and a single polyadenylation
17



signal (Fig. 2.2 and Table 2.3). The four exons are well conserved between human and
mouse RGMa, with nucleotide identity ranging from a low of 64% for exon 1 to a high of
99% for exon 2 (calculated using refs. [37-40]). The three introns are less conserved than
the exons (< 30% versus ~60% identity, respectively), although their lengths are similar
between the two species (Fig. 2.2 and Table 2.3). Although four exons have been
identified in the zebrafish RGMa gene, the nucleotide sequence of exon 1 is not similar to
its mammalian counterparts [39-41]. In the chicken, the 5’ end of the largest RGMa
cDNA could not be mapped to the RGMa locus, possibly because the genomic sequence
is incomplete in this region [42], and its DNA sequence also differs markedly from the
other species. Thus, only three exons have been identified definitively in chicken RGMa,

corresponding to mammalian exons 2 — 4 (Fig. 2.2).

2.3.2: Gene expression.

RGMa was cloned initially from mRNA isolated from chick embryonic optic tectum
[28]. Subsequently, RGMa transcripts were shown to be expressed at highest levels in
both the adult and developing central nervous system in chicken, mouse, and zebrafish
[27-30, 32, 43]. RGMa mRNA has also been detected at lower levels in peripheral
tissues, including heart, lung, liver, skin, kidney, and testis, at least in the adult rat [44].
By Northern blotting, the major RGMa transcript has been shown to be ~3.6 kb in length
in the mouse [44], which is consistent with the aggregate size of the four RGMa exons
[38, 45]. Other minor transcripts have been seen by Northern blotting, but their exact

relationship with the RGMa gene has not been established to date [44, 46].

In the developing mouse embryo, RGMa mRNA has been detected as early as embryonic
day (E) 8.5 in the neural folds of the central nervous system [27]. Later in development
RGMa transcripts are found in several brain regions, including hippocampus, midbrain,
the ventricular zone of the cortex, and parts of the brainstem and spinal cord [27, 33, 46].
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Similar observations have been reported in the developing chicken [28, 32] and zebrafish
[30]. The biochemical processes responsible for these distinct patterns of RGMa gene
expression in the central nervous system have not been elucidated to date, in large part
because nearly nothing is known about the organization or function of the RGMa gene
promoter, about mechanisms of regulation of RGMa gene transcription, or about RGMa
mMRNA turnover. Similarly, the signaling pathways that govern RGMa gene expression
in different tissues and in response to physiological and pathological stimuli have not

been characterized.

2.3.3: Protein sequence and expression.

The initial identification of chick RGMa after its cDNA cloning revealed it to be a cell
membrane-associated glycosylphosphatidylinositol (GPI)-linked two-chain protein that
was derived from a primary translation product of 432 amino acids [28]. Subsequent
cloning of human and mouse RGMa cDNAs predicted similarly sized proteins of 434 and
438 residues [27], respectively, that were 91% identical to each other and 80% identical
to chick RGMa (Table 2.4). In all three species and in zebrafish RGMa, the NH,-
terminal signal peptide is estimated to be ~30 residues, although the first amino acid of
the mature protein has not been characterized experimentally. The RGMa precursor also
contains a conserved GPI attachment signal at its COOH-terminus of ~45 amino acids.
This segment is removed in the endoplasmic reticulum during RGMa biosynthesis when
the GPI anchor is added to the nascent protein [28, 47]. Other recognizable protein
elements in RGMa include an RGD motif (a potential integrin binding site [28, 48], for
sequence details, see Fig 2.15), and a partial von Willebrand type-D domain (VWD) [28,
49] (Fig. 2.16 for sequence conservation) that contains the site of internal cleavage to
generate two-chain RGMa (Fig. 2.3) [these domains and other aspects of the
biochemistry of RGM proteins will be discussed in the section on structure — function
relationships]. The mechanism of intramolecular cleavage of RGMa has not been
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established, although it appears to occur during its biosynthesis, leading to a mature
RGMa that is a disulfide-bonded two-chain protein composed of an NH,-terminal
fragment of ~123 residues, and a COOH-terminal segment of ~238 residues [28, 50], and
that is linked to the outer face of the plasma membrane by its COOH-terminal GPI

anchor [28, 51, 52] (Fig. 2.3B). The number and pattern of disulfide bonds has not yet
been established for the 14 cysteines found in mature RGMa [a molecular model is
discussed in the section on structure — function relationships]. RGMa also appears to be a
glycoprotein, with three potential asparagine-linked glycosylation sites in mammals and
two in the chicken (Fig. 2.3A and Fig. 2.4) [28, 51]. At present it is not known if other
RGMa isoforms exist, such as single-chain species, or whether soluble forms of the

protein are found in the extra-cellular fluid.

2.3.4: Physiological functions and mechanisms of action.

RGMa was identified as a factor involved in guiding axons by repulsion from the
temporal half of the developing chicken retina toward the anterior optic tectum in the
brain, and membranes derived from cells expressing chick RGMa were shown to inhibit
temporal retinal growth cones, but had little effect on nasal growth cones [28]. Perhaps
surprisingly given these initial observations, genetic knockout of RGMa in mice did not
alter retinal axonal patterning, but rather caused defects in neural tube closure [27].

Thus, the exact in vivo functions of RGMa in mammals remain to be determined.

It has been shown that RGMa regulates repulsive guidance of retinal axons via binding to
neogenin [32, 53] (summarized in Fig. 2.5), a trans-membrane protein that is also a
receptor for netrins, a family of secreted molecules involved in neuronal development
and cell survival (reviewed in [54]). Unlike netrins, RGMa does not bind to proteins
related to neogenin, such as DCC (deleted in colorectal cancer), or members of the Unc
(uncoordinated) sub-family [53], although recent observations suggest an indirect
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association with Unc5b [55, 56]. In addition to regulating retinal axonal guidance, the
interaction between RGMa and neogenin has been found to promote neuronal survival
[32]. Initial studies of the early events triggered after RGMa binds to neogenin have
suggested the involvement of several signal transduction intermediates, including protein
kinase C, the small GTPase RhoA, RhoA kinase [52, 57], and focal adhesion kinase [55,
56], as well as the putative transcriptional co-activator, LIM-only protein 4 [58], but the
full spectrum of biochemical mechanisms responsible for mediating the biological effects

of RGMa by neogenin has not been established.

Like other members of the RGM family, RGMa has been found to bind to selected bone
morphogenetic proteins (BMPs) [44, 59], which belong to the TGF-f growth factor
family [60]. In initial biochemical studies, a fusion protein composed of human RGMa
linked to the immunoglobulin G (1gG) Fc fragment was shown to bind radiolabeled
BMP-2 and BMP-4, but not BMP-7 or TGF-B1 in cross-linking experiments [59]. In
cell-based studies, over-expression of RGMa was found to increase activity of a co-
transfected promoter-reporter gene containing a BMP response element (BRE), while
knockdown of endogenous RGMa led to a reduction in reporter gene expression [59].
Although these preliminary observations are intriguing, a role for BMPs in the biological

actions of RGMa has not been defined.

2.4: RGMb

2.4.1: Chromosomal organization and gene structure.

RGMb is a single-copy gene in the eight mammalian and seven non-mammalian
vertebrates in which it has been identified (Table 2.1). Like RGMa, RGMb resides
within a conserved chromosomal locus, and comprises one of five linked genes that are
found in the same relative orientation to each other in the human, mouse, and chicken
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genomes (Fig. 2.6). In each of these species, RGMb is located in a tail-to-tail
transcriptional orientation with Chd1 (chromodomain helicase DNA-binding protein 1),
in a relationship similar to that of RGMa and Chd2 (compare Figs. 2.6 and 2.1). This
suggests that a duplication event involving this chromosomal region occurred during
evolution prior to the emergence of mammals. Further away and upstream of RGMb are
Riok2 (right open reading frame kinase 2), Lix1 (Limb expression 1) and Lnpep
(leucyl/cystinyl aminopeptidase) (Fig. 2.6). In contrast, very little is currently known

about the chromosomal environment of RGMb in the zebrafish genome (Fig. 2.6).

The human RGMb gene is ~25 kb in length, and contains 5 exons (Fig. 2.7, Tables 2.2
and 2.6), including two 5’ non-coding exons (1 and 2), which include ~406 nucleotides of
a ~524 nucleotide 5> UTR of RGMb mRNA. The 5’ end of exon 1 has not been mapped.
The remaining 118 nucleotides of the 5 UTR are found in exon 3, which also includes
the first 45 codons of the coding region. Exon 4 encodes the next 170 codons, and exon 5
the remaining 222 codons plus a 3’ UTR of 308 nucleotides that includes a single
polyadenylation signal (Fig. 2.7 and Table 2.6). In the mouse genome, only three RGMb
exons have been identified to date, and these correspond to exons 3 - 5 of the human
RGMb gene (Fig. 2.7). The 3’ UTR of mouse RGMb mRNA encoded by exon 3 is
longer than its human counterpart, being ~2.5 kb in length. In zebrafish, only the coding
region for RGMb has been mapped to its genome [30], and is found within three distinct

exons (Fig. 2.7).

2.4.2: Gene expression.

RGMb was discovered by an informatics-based search for genes related to RGMa [27],

and was independently cloned as a gene whose putative promoter was bound by the

homeodomain transcription factor, DRG11, which is expressed in dorsal root ganglia

(DRG) of the sympathetic nervous system [30, 61, 62]. RGMb (DRG-‘ON’ or Dragon)
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was co-localized with DRG11 mRNA in dorsal root ganglia and in the spinal cord.
RGMb mRNA was also detected in the developing neural tube prior to the onset of
expression of DRG11, and has been found in other areas of the nervous system where
DRG11 is not produced [30]. This latter result suggests that RGMb gene expression is
controlled by additional regulatory factors besides DRG11. Results of in situ
hybridization experiments show that RGMb mRNA is expressed in the DRG, in the
spinal cord excluding the ventricular zone, in the retina, in the optic nerve, and in other
distinct regions of the brain, including the developing mouse midbrain, hindbrain, and
forebrain [27, 30, 33, 63], although the pattern of RGMb gene expression does not
overlap appreciably with that of RGMa [27]. RGMb mRNA also has been detected in the
nervous system of the developing zebrafish [30], and has been found in the reproductive
tract of rodents [64]. Based on results of Northern blotting studies, there appears to be a
single RGMb transcript in mice of ~4.2 kb [27, 30], which is approximately the same size
as the three mouse RGMb exons (Table 2.2). As with RGMa, the mechanisms
responsible for RGMDb gene expression in different tissues or under different
physiological or pathological conditions have not been characterized, and virtually

nothing is known about the structure or function of the RGMb gene promoter.

2.4.3: Protein sequence and expression.

Cloning of mouse RGMb cDNA revealed a predicted protein of 438 amino acids [27, 30],
which is 89% identical to human RGMb (437 residues long) and 65% identical to
zebrafish RGMDb (436 amino acids) (Table 2.4). The primary RGMb translation product
is predicted to contain an NH,-terminal signal peptide of ~50 residues, although this has
not been verified experimentally, and a COOH-terminal GPI attachment signal of ~35
amino acids [27, 30]. Other identifiable motifs in RGMb include a partial VWD element.
After forced expression of mouse RGMb in Hek-293 and COS-7 cells, only a single
protein band of ~50 kDa could be detected in cell extracts by immunoblotting, and a
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similarly sized protein was released into the culture medium after incubation of cells with
phosphatidyl-inositol phospholipase C (PI-PLC), which cleaves the GPI anchor [27, 30].
These latter results indicate that only a single-chain RGMb species is attached to the
outer face of the cell membrane [30, 65] (Fig. 2.3B), although the protein contains a
putative internal proteolytic cleavage site similar to that in RGMa. RGMb also appears
to be glycoprotein and is predicted to encode up to two asparagine-linked glycosylation
sites (Figs. 2.3A and 2.4). As with RGMa, mature RGMb contains 14 cysteines whose
potential organization into disulfide bonded residues has not been established [but see
discussion of potential molecular models in the section on structure —function

relationships].

2.4.4: Potential physiological functions.

No biological functions of RGMb have been elucidated except for its possible ability to
promote cell — cell adhesion by homophilic interactions [27, 30], and its capability to
bind selected BMPs [65, 66] (Fig. 2.5). As with RGMa, over-expressed full-length
RGMb has been found to increase the activity of a promoter - reporter gene containing a
BMP-responsive transcriptional control element in cell culture systems [64, 65], but

unlike RGMa, RGMb has not been shown to bind to neogenin.

2.5: RGMc/Hemojuvelin

2.5.1: Chromosomal organization and gene structure.

RGMc is a single-copy gene in the nine mammalian and six non-mammalian vertebrates

in which it has been identified (Table 2.1). Unlike RGMa and RGMb, RGMc has not

been found to date in the chicken or other avian species. In human and mouse genomes,

RGMc comprises one of 10 linked genes in a syntenic locus that includes among others,

Txnip (thioredoxin interacting protein), Polr3gl (polymerase (RNA) I11 (DNA directed)
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polypeptide G like), Ankrd34 (ankyrin repeat domain 34), Lix1l (related to Lix1, which
maps near RGMDb), and Chd1l (related to Chdl1 and Chd2, which are located near RGMb
and RGMa, respectively [compare Figs. 2.1, 2.6, and 2.8]). Of note, however, the
relative transcriptional orientation of RGMc and Chd1l (tail-to-head) differs from that of
RGMa - Chd2 and RGMb - Chd1 (tail-to-tail). Moreover, in zebrafish the RGMc
chromosomal environment differs from mammals (Fig. 2.8). Although the location of
two Txnip-like genes and Polr3gl are adjacent to RGMc (similar to what is seen in
mammals), Mtx1 and Thbs3a are just upstream of zebrafish RGMc, while in mouse they
are located at a distance of more than 8 Mb from RGMc. Furthermore, there is no Chd-
homolog present on the zebrafish RGMc locus. Interestingly, zebrafish chromosomes 16
and 19 have a large duplicated region sharing parologous genes that flank RGMc on

either side (Fig. 2.8), but an RGMc paralog is not found on chromosome 19.

Human and mouse RGMc genes are similar in size (~4.3 and ~4.0 kb, respectively, Table
2.2) and organization, being composed of four exons separated by three introns (Fig. 2.9),
and are considerably smaller than mammalian RGMa or RGMDb (Table 2.2). In both
species, exon 1 is ~160 nucleotides in length [mapping experiments defining the 5* end
of RGMc in mouse skeletal muscle, heart, and liver may be found in Chapter 3 of this
Dissertation], and contains most of the 5> UTR of RGMc mRNA. The remaining 90
nucleotides of the 5° UTR are found in exon 2, along with the first 31 codons of the
RGMc protein (28 in mouse). Exon 3 encodes the next 173 codons (169 in mouse), and
exon 4 the remaining 222 codons (223 in mouse), plus a 3° UTR of ~1150 nucleotides
with a single polyadenylation signal (Fig. 2.9 and Table 2.7). The four RGMc exons are
well-conserved between the mouse and human genes, with nucleotide sequence identity
ranging from 73 to 83% (calculated using refs. [37-40], see Table 2.7). The three introns
are less conserved, although their lengths are similar between mouse and human (Fig.
2.9). The zebrafish RGMc gene is larger than its mammalian counterparts, and contains
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5 exons distributed over ~ 11.4 kb (Fig. 2.9). Exons 1 and 2 are non-coding but are not
similar in DNA sequence to mammalian RGMc exon 1. In contrast, zebrafish exons 3 —
5 correspond to mammalian RGMc exons 2 — 4, with nucleotide sequence identity

ranging from 50 to 59% (coding and non-coding regions separated in Table 2.7).

2.5.2: Gene expression.

RGMc was independently discovered as a gene within a locus linked to the human iron
overload disorder, juvenile hemochromatosis [3], as an mRNA related to RGMa and
RGMb [27, 29, 30, 33], and as a novel transcript expressed during skeletal muscle
differentiation [31]. In addition to skeletal muscle, RGMc mRNA has been detected in
the heart and in the liver [27, 31, 33]. During mouse development, RGMc transcripts are
found first in the somites, precursors of skeletal muscle, as early as E11.5, which is
before muscle can be identified morphologically [31]. Similar observations have been
made in zebrafish [30, 41]. In the mouse, RGMc mRNA is detected by E13.5 in the heart
and liver [1, 31].

Very little is known about RGMc gene regulation. Elucidating the regulatory
mechanisms of RGMc expression is the primary focus of this Dissertation. Chapters 3
and 4 will present the first evidence for regulation of RGMc at the level of transcription
and provide supporting evidence for control at the level of translation. In mice, RGMc
MRNA levels were shown to be decreased in the liver, but not in skeletal or cardiac
muscle after systemic injection of bacterial lipopolysaccharide (Fig. 4 of Ref. [1]), but as
with RGMa and RGMb, the biochemical mechanisms responsible for controlling RGMc
gene transcription or mRNA stability in different tissues or under different physiological
or pathological conditions had not been fully established when work for this thesis began.

Chapter 3 will present experimental evidence for the structure and function of the RGMc

26



gene promoter and chapter 4 will examine the post-transcriptional regulatory mechanisms

of RGMc expression.

2.5.3: Protein sequence, processing, and expression.

The initial cloning of human and mouse RGMc cDNAs revealed primary translation
products of 426 and 420 amino acids, respectively, with a predicted NH,-terminal signal
peptide of ~31 residues and a COOH-terminal GPI-attachment signal of ~45 amino acids
[27, 29, 34], although as in other RGM molecules, the precise boundaries have not been
determined experimentally. Mouse and human RGMc precursor proteins are 88%
identical to each other (Table 2.4). Like RGMa, RGMc contains up to three asparagine-
linked glycosylation sites (Fig. 2.4), and like its paralogues, has several shared protein
motifs, including an RGD sequence and a partial vWD domain with a conserved
proteolytic cleavage site (Fig. 2.3A). In addition, and unlike RGMa or RGMDb,
mammalian RGMc proteins encode a furin-like pro-protein convertase (PPC) recognition
and cleavage sequence near the COOH-terminus (Figs. 2.3 and 2.5), and the protein has
been shown to be cleaved by furin at this site [67-69]. As a consequence, RGMc appears
to undergo a complex series of biosynthetic and processing steps, leading to the
production of four distinct protein isoforms (Fig. 2.5) in skeletal muscle and after
expression of the recombinant protein in heterologous mammalian cells [34, 67, 69, 70].
Two of the RGMc isoforms (a disulfide-bonded two-chain species that is similar to
RGMa, and a single-chain isoform similar to RGMDb), are attached to the extra-cellular
face of the plasma membrane by a GPI linkage [34, 67, 69, 71] (Fig. 2.3B). In addition,
single-chain RGMc species have been detected in the extra-cellular fluid of cultured
cells, and in blood [34, 67-72] (Fig. 2.3B). These latter two proteins differ at their
COOH-termini, with the smaller species being derived from the larger by PPC-mediated
proteolytic cleavage [34, 67, 69] (Fig. 2.5). Results of biosynthesis experiments further
support the idea that the two soluble single-chain RGMc proteins originate from the
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single-chain cell-associated molecule [34, 67] (Fig. 2.5). Analogous studies have not
been reported for RGMa or RGMb. As in RGMa and RGMb, the disulfide bonding
pattern of the 14 cysteines found in mature full-length RGMc has not been
experimentally defined, but a possible model is discussed below (see Figs. 2.13 and

2.14).

2.5.4: Physiological functions and mechanisms of action.

A role for RGMc in systemic iron metabolism was first inferred when mutations in the
human gene were linked to the severe iron overload disorder, juvenile hemochromatosis
[3]. This relationship was strengthened when mice engineered to lack RGMc were found
to have excessive accumulation of iron in multiple tissues [1, 73]. It has been postulated
that the normal biological action of RGMc is to induce expression of the secreted hepatic
peptide, hepcidin [1, 3], which is a negative regulator of dietary iron uptake from the
duodenum and release of stored iron from macrophages [3, 74] (Fig. 1.1B). Humans with
juvenile hemochromatosis and mice with RGMc deficiency have low levels of serum or
urinary hepcidin [75, 76], and mice lacking RGMc also have diminished expression of
hepcidin mRNA in the liver [1, 73]. The mechanism of regulation of hepcidin by RGMc
is currently under active investigation with the leading hypothesis being that cell-
membrane associated RGMc facilitates signaling by BMPs through its receptors to
promote hepcidin gene expression [66, 77-79]. In this model, soluble RGMc has been
proposed to act as an inhibitor, presumably by sequestering BMPs away from cell-surface

receptors [69, 72].

Like RGMa, RGMc binds to the extra-cellular part of neogenin [70, 71, 80], although the
role of neogenin in the biological actions of RGMc has not been established. One report
has demonstrated preferential binding of two-chain RGMc to neogenin [70] (Fig. 2.5),
while murine versions of two juvenile hemochromatosis-associated RGMc amino acid
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substitution mutants, D172E and G320V (Fig. 2.10 and Table 2.8), which did not form a
two-chain species [34, 70], were unable to bind [70]. Similar results were observed with
the human G320V juvenile hemochromatosis-associated protein [34, 67, 69, 71]. In other
experiments, neogenin was unable to alter BMP-mediated hepcidin gene expression [79],
although it is unclear which RGMc protein isoforms were used in these studies. More
work is needed to elucidate the biochemical mechanisms by which RGMc regulates
systemic iron metabolism under different physiological conditions, to determine if there
is a role for neogenin in the biological actions of RGMc, and to characterize the functions

of different RGMc species in normal physiology and in disease.

2.6: Molecular Evolution of the RGM Family

One unresolved question about the RGM family concerns the evolutionary relationships
among the three members. To address this issue we performed a series of phylogenetic
analyses by querying multiple sequence alignments of selected RGM proteins after
applying the following two criteria: (i) using only well-annotated sequences in which the
protein defined by translation from both mRNA and genomic sequences is identical, and
(i1) minimizing the level of ‘mammalian bias’ by selecting RGM genes from a diversity
of organisms. We found that three-quarters of our assessments supported the hypothesis
that RGMc diverged from a common ancestor earlier than did RGMa or RGMb (see
legend to Fig. 2.12 for a summary of methods). Two of the phylogenetic trees are
presented in Fig. 2.12. Similar conclusions were reached by Schmidtmer and Engelkamp
[29], while Camus and Lambert have advocated the alternative viewpoint that RGMa and

RGMc are more closely related to one another [35].

Inspection of RGM genomic loci strengthens the view that RGMa and RGMb have a
closer relationship to each other than to RGMc. RGMa and RGMb genes are physically
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linked to Chd2 and Chdl, respectively, in mammalian, chicken, and zebrafish genomes
(Figs. 2.1 and 2.6), and are each part of a more extensive syntenic linkage group that
includes in order (at least in the human genome) RGMA - CHD2 - ST8SIA1 - SLCO3al
and RGMB - CHDL1 - ST8SIA4 - SLCO4C1, indicating that the organization of
paralogous genes within the duplicated chromosomal regions has been maintained (Figs.
2.1 and 2.6). By contrast, only a Chd1-related pseudo-gene is found near the same
chromosomal locus as RGMc in mammals, but is located at a much greater distance from
RGMc than Chd2 or Chd1 are from RGMa or RGMb, respectively (compare Figs. 2.1,
2.6, 2.8). Also in mammals the pseudo-gene, Lix1-like, is found near RGMc, but in a
different relationship than Lix1 and RGMb (compare Figs. 2.6 and 2.8). Interestingly, all
known RGMc genes use three exons for the protein coding sequence (CDS) (Fig. 2.11),
despite a variable number of overall exons (which alter the untranslated regions (UTR))
(Fig. 2.9). Asshown in figure 2.11, RGMc uses one nucleotide of the codon from the
first CDS exon and two nucleotides in the second exon to complete the codon triplet (Fig.
2.11). The junction between the second and third CDS exons are separate codons (green
to red in Fig. 2.11). This pattern is well-conserved from mammals (humans and mice) to
bony fish (zebrafish) and also reflected in the nucleotide conservation between mammals
and fish of the middle CDS exon (see ‘exon 3’ in Table 2.7). Major differences in
sequence conservation occurs in the CDS that codes for the N-linked glycosylation “y-
site” (Fig. 2.4), which is unique to mammals. It should be noted that there are no known
JH-causing mutations within this putative N-linked glycosylation site (Fig. 2.10 and
Table 2.8). The final CDS exon contains the region that encodes the PPC cleavage site
(Fig. 2.3), which is only found in mammalian RGMc and not RGMc in bony fish and
amphibians, and both nucleotide (Table 2.7) and protein conservation reflect this

difference.
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Single RGM genes have been identified in several invertebrates. The evidence is
strongest for existence of an RGM protein in the sea squirt, Ciona intestinalis, where a
polyadenylated mRNA has been characterized that corresponds to the four-exon genomic
DNA sequence (NCBI accession number AK173741), and encodes a predicted protein of
637 amino acids (calculated using Transeq [40]), with multiple cysteine residues (15 in
the putative mature protein vs. 14 in vertebrate RGMs), and overall similarity of 40%,
38%, or 27% to mouse RGMa, RGMb, or RGMc, respectively. Like RGMb, Ciona
RGM contains no RGD motif, but instead has a RGN sequence [40, 81] (Fig. 2.15).
Similar to mammalian RGMc, the Ciona RGM has a predicted PPC site near its COOH-
terminus. As Ciona is a model organism used extensively in development, it will be
interesting to see where this gene is expressed. For example, if the single RGM is
expressed in muscle-structures of the developing and mature Ciona, this would greatly
strengthen the hypothesis that expression of RGMs in muscle is an evolutionary ancient
phenomena (discussed in detail in chapter 3). To date however, this putative gene and

protein has not been characterized.

An RGM gene also has been identified in the purple sea urchin, Strongylocentrotus
purpuratus, where it maps near a CHD1-like gene (LOC575959) as seen in RGMa and
RGMD loci in vertebrates (Figs. 2.1 and 2.6). The protein predicted to be encoded by this
gene contains an RGD motif (Fig. 2.15) and 16 cysteines (14 of which align with the 14
conserved cysteines in mammalian RGMs), and is ~40% identical to mammalian RGMa
or RGMb, and ~35% identical to RGMc [82]. In the nematode, Caenorhabditis elegans,
a single RGM gene also has been predicted, but the putative protein is < 30% identical to
mammalian RGMs, lacks several of the conserved cysteine residues found in mammalian
RGM proteins, and unlike vertebrate RGM proteins does not contain either an RGD or
RGN sequence [83]. Although a single RGM has been reported in mollusks (California
brown sea slug, Aplysia californica) [35], definitive genomic evidence is lacking.

31



Clearly, further analysis of putative RGM genes and their encoded proteins in
invertebrates is needed for more complete understanding of the evolution and functions

of the RGM family.

2.7: Structure-Function Relationships among RGM proteins

Three dimensional structures can provide critical insights to structure-function
relationships within a protein family. Although no such information is available yet for
the RGM family, emerging computational methods such as comparative modeling [84,
85], fold recognition[86], and ab initio techniques [87, 88] have the potential to help
overcome this deficiency. Comparative modeling can approximate the three-dimensional
structure of a target protein for which only the amino acid sequence is available, provided
that an empirical three-dimensional "template” structure is available from a protein with
>30% sequence identity. Alternatively, threading methods, which search for an optimal
fit of query sequences onto known three-dimensional structures of proteins in databases,
can be used when a comparative modeling approach is unsuccessful. However, neither
comparative modeling nor threading techniques were able to identify appropriate
templates for RGM proteins. As a consequence, we constructed initial structural models
for the RGM family with ab initio approaches, which use the physical properties of the
primary amino acid sequence to predict structures. We employed ‘Rosetta’ ab initio
modeling software because it has been the most consistent and accurate in predicting
structures of folded domains in a series of trials (CASP: critical assessment of techniques
for protein structure predictions [87-94]). For the RGM family, structural segments were
generated using the Rosetta fragment server with input amino acid sequence information
derived from 22 RGM proteins (see legend to Fig. 2.14). One thousand independent

simulations were generated and were organized into clusters according to structural
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similarities, as outlined in the legend to Fig. 2.14. All ab initio models analyzed suggest

that RGM proteins adopt a two-lobed structure (Fig. 2.14).

Mature RGMa, RGMb, and RGMc each contain 14 similarly placed cysteine residues
(Fig. 2.3A), and all appear to be disulfide-bonded proteins [34, 69, 71]. However, the
number and location of disulfide bonds are unknown. The majority of ab initio models
show a disulfide bond between cysteine-9 and either cysteine-7 or -8 (Fig. 2.13), although
one model suggests two disulfide bonds (Fig. 2.14A, cysteines shown as space-filling
models in purple), and this could be the linkage responsible for maintaining two-chain
forms of RGMa or RGMc. Both cysteine-11 and -12, and cysteine-13 and -14 also are
predicted to form disulfide bonds in all models generated, and are located within the
COOH-terminal part of the two-lobed structure (Fig. 2.14A). While the connectivity
varies slightly between models (Fig. 2.13), the majority of the predictions suggest two
disulfide bonds for the NH,-terminal lobe between cysteines-1 and -2, and cysteines-4
and -5, for a total of 5 or 6 disulfide linkages per RGM molecule. This would leave 2 - 4
free cysteines in the protein (Fig. 2.14A). Clearly, direct experiments are needed to

define the actual disulfide bonding pattern for each RGM family member.

VVon Willebrand factor is a glycoprotein that helps mediate platelet adhesion in
hemostasis (i.e., arrest of bleeding) at damaged blood vessels through interactions with
blood clotting factor V111 [49, 95]. It contains five distinct structural domains (VWA, B,
C, D, CK) [49], and one of these motifs (type D) has been recognized in all RGM
proteins [29]. The vWD-domain is a structured region in which the first and second
conserved cysteines form a disulfide bridge [49, 95], and this native conformation of the
vWD-domain is required for factor V11 binding, as well as normal multimerization of the
VWE protein [95]. Our ab initio models suggest that this partial VWD domain is highly
structured, and contains surface exposed a-helices and B-strands (yellow region in Fig.
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2.14). These are consistent with the crystal structure of the entire VWD domain (RCSB
protein structural data base accession #1ijb) [96]. Whether this structure is required for
multimerization of RGMc is not known at this time, but it is intruging to speculate about
the possible function of this well-conserved domain. The RGM partial vWD region
contains the site of intramolecular proteolytic cleavage to generate two-chain forms of
RGMa and RGMc (see Figs. 2.3 and 2.5), and this cleavage has been hypothesized to
occur by acid-labile hydrolysis between an aspartic acid and proline residue [71]. In the
model depicted in Fig. 2.14, these two amino acids are located on the surface of the
protein (surface of space-filling model in 2.14B), between a highly conserved DP (Asp-
Pro) doublet found in all RGM family members (Fig. 2.16). By comparison, in the
mammalian protein zonadhesin (ZAN), which contains five tandem vWD-domain
repeats, three of the VWD repeats contain an epidermal growth factor (EGF)-like motif =
[97] followed by a “DP” doublet that are cut [98]. In the absence of the EGF-like motif
and “DP” doublet, no cleavage occurs in ZAN [98]. Interestingly, there is another
conserved “DP-site” in RGMb and RGMc, located to the N-terminal side of the vWD
that does not appear to be used for cleavage, as well as a third “DP” found in mammalian
RGMc adjacent to the N-linked glycosylation site (sequence —NFT-), though these sites
do not contain the consensus sequence GDPH suggested to be used in the mucin protein
family for auto-catalysis at the “DP-site” [99]. In contrast, the vWD-domain of RGMDb
does not appear to be cleaved, suggesting that this proteolytic site used to generate the
two-chain form of RGMa and RGMc requires a specific recognition through an
enzymatic cleavage event rather than strictly undergoing auto-proteolysis under acidic
conditions. The only predicted enzyme to cleave at such a site is the Staphylococcus

aureus Protease-V8 (also called Endoproteinase GIuC), leaving the mammalian enzyme

A full epidermal growth factor (EGF)-like domain contains six conserved cysteines involved in three disulfide bonds, as well as a

two-stranded beta-sheet followed by a loop to a C-terminal short two-stranded sheet. EGF-like motifs have variable number of
cysteines. Cell (1996) v85(4):597-605
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capable of cleaving this site unknown to date. Alternatively, subtle differences in
accessibility or local pH concentrations of the “DP-site” between RGM family members
may support the auto-proteolysis model for the cleavage seen in RGMal/c, but not in
RGMb.

The only appreciable differences between RGMb and its paralogs within the
linear sequence of this region are (i) a stretch of ~15 amino acids unique to RGMb
homologs just before the partial VWD, (ii) a phenylalanine (Phe, F) in RGMb instead of a
histidine (His, H) residue before the predicted site of cleavage in RGMa and —c which
could cause the cleavage site to be buried and therefore inaccessible, (iii) an acidic
glutamic acid (Glu, E) in the place of a glutamine (GIn, Q) found in RGMa and —c, and
(iv) two sites where RGMb contains a Ser instead of GIn (RGMa) or hydrophobic residue
(RGMc), or where RGMa and RGMc contain a Ser/Thr, which is a Val in RGMb (Fig.
2.15). Whether these differences in the linear VWD sequence alter the predicted cleavage
site is not known. Site-directed mutagenesis studies could readily differentiate between
these possibilities. Furthermore, a difference in the three-dimensional structure could
also be a reason for the difference between the lack of internal cleavage in the RGMb
form when compared to its paralogs, and thus the critical residues may be quite distant on
the linear protein sequence. For example, the G320V mutation in RGMc that results in a
single chain form of RGMc that is not cleaved, and is unable to bind neogenin like the
two-chain form [70], is ~150 amino acids away from the cleavage site in the linear
sequence. Understanding the three dimensional structure of the family will likely provide

critical insights into the nature of processing and interacting partners of the RGM family.

Of note, a substitution of this aspartic acid residue to glutamic acid in human RGMc
(D172E) causes juvenile hemochromatosis [100], and in biochemical experiments the
mutant protein does not form a two-chain molecule [34, 70]. Another disease-causing
amino acid substitution in human RGMc of glycine 320 to valine (G320V) also appears
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to block production of the two-chain protein [34, 70]. The ab initio model depicted in
Fig. 2.14 suggests that G320 is located on a surface that is in proximity to D172. On the
basis of the model it thus appears possible that the G320V substitution, which increases
the side-chain volume and hydrophobicity, may inhibit interactions with some unknown
protein/protease to prevent proteolysis at residue D172. Alternatively, the substitution
may induce certain conformational changes that indirectly impair proteolytic cleavage at

D172.

RGMa and RGMc each contain a RGD motif (arginine-glycine-aspartic acid), a tripeptide
classically identified as an integrin-binding element [48], while RGMb does not [29, 48]
(Fig. 2.15). Structurally, RGD motifs are found at or near the end of an a-helix [101],
and our ab initio models map the RGM RGD sequence to a loop between two a-helices
on the surface of the protein (Fig. 2.14A). The exact function of this motif in RGMa or
RGMc is not known, although amino acid substitutions of glycine to valine or arginine
(G99V or G99R) appear to cause juvenile hemochromatosis in humans [3, 100], and the
analogously mutated mouse RGMc (G92V) was unable to bind BMP-2 in biochemical

assays [70].

RGM proteins contain several putative asparagine-linked glycosylation sites (Fig. 2.4),
and have been shown to be glycoproteins [28, 34, 51], although the functional role of
glycosylation has not been established for any RGM family member yet. In our ab initio
structural models, at least two of these sites map to the surface of the molecule (Fig.
2.14). There are however, two conserved ~NX®/r—sequence motifs in the N- and C-
termini of all RGM family members (except bony fish), a unique motif found before the
partial VWD only in RGMa (-NYT-), and a unique motif after the partial VWD in
mammalian RGMc (-NAT-). The only known disease-causing mutation in a
glycosylation site can be found in RGMc, where a conserved Cys is mutated to a Phe (—
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NCS-), however this is likely to be the result of structural modifications to the Cys
residue rather than ablation of a glycosylation site, as the consensus motif is still retained
as a putative glycosylation site. Interestingly, the “DP” motifs in RGMb and RGMc that
do not appear to be cleaved are adjacent to —~NX°/1— sequence motifs and potential
mucin-type O-linked glycosylation sites. Nevertheless, O-linked glycans are not added at
a defined consensus motif and their presence cannot be accurately predicted based on the
primary sequence alone [102]. Furthermore, it has not been shown that any RGM family
members contain O-linked glycosylation sites to date, but recent advances in O-linked-
glycan-techniques may illuminate this question [102]. Future work to determine whether
all of these putative sites are glycosylated in the RGM family members may shed light on
their relevance to the structure and function of the proteins. As noted earlier, RGMc but
not RGMa or RGMb contains a pro-protein convertase recognition and cleavage site near
the COOH terminus of the mature protein (Fig. 2.3). As seen in Fig. 2.14A, this part of
the protein in our ab initio model also maps to a surface loop, and thus potentially would

be readily accessible to targeted proteolysis by furin or other pro-protein convertases.

2.8: Summary and Challenges for the Future

The RGM family appears to have been composed of three genes early in vertebrate
evolution, being present in a common ancestor to mammals and fish. Each gene is
expressed in a distinct developmental and tissue-specific pattern, with RGMa and RGMb
being produced in different parts of the central nervous system, and RGMc being
synthesized in striated muscle and liver. The molecular mechanisms governing such
diverse tissue-restricted gene expression have not been established, and little is known
about the structure or function of RGM gene promoters, about their mechanisms of
transcriptional regulation, or about control of RGM mRNA processing or stability.
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Details of theses processes of gene regulation for one of the family members,
RGMc/Hemojuvelin, will be presented in chapters 3 and 4, contributing to our
understanding of RGM gene expression. At the protein level, the three RGM family
members share several motifs and are predicted to have similar three-dimensional
structures based on our ab initio modeling, but the respective proteins appear to undergo
distinct biosynthetic and processing steps, whose regulation has not been characterized.
From the perspective of function, all three RGM proteins appear capable of binding
selected BMPs, although binding domains have not been mapped. It appears that
interactions with selected BMPs may mediate at least some of the biological effects of
RGMc to control hepcidin gene expression, but to date no role for BMPs has been
defined in the actions of RGMa or RGMb. To date only RGMa and RGMc have been
shown to bind to neogenin, and while signaling through neogenin is critical for the
biological effects of RGMa on repulsive axonal guidance and on neuronal survival, its
role in the actions of RGMc remains to be elucidated. Similarly, the full spectrum of
biological functions of the three RGMs has not been completely characterized yet, and

will remain an active topic of ongoing investigation.
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Table 2.1: Species in which more than one RGM has been identified ®

RGMa RGMb RGMc

Species (abbreviation)

Mammals
Human

Chimpanzee
Rhesus macaque
Pig

Dog

Cow

Elephant

Mouse
Rat
Armadillo

Opossum

Non-mammalian vertebrates

Chicken
Frog

Zebrafish

Salmon

Japanese Pufferfish

Green-spotted Puffer

Stickleback

Medaka (Killer fish)

Homo sapiens (Hsa)

Pan troglodytes (Ptr)
Macaca mulatta (Mmul)
Sus scrofa (Sscr)

Canis familiaris (Cfa)
Bos taurus (Bta)
Loxodonta africana (Laf)

Mus musculus (Mmu)

Rattus norvegicus (Rno)

Dasypus novemcinctus
(Dno)

Monodelphis domestica
(Mdo)

Gallus gallus (Gga)

Xenopus tropicalis
(Xtrop)
Danio rerio (Dre)

Salmo salar (Ssa)

Takifugu rubripes (Tru)

Tetraodon nigroviridis
(Tni)

Gasterosteus aculeatus
(Gac)
Oryzias latipes (Ola)

AKO074910
AL136826

+

BC059072
BC023870

+

AY128507
BC061329

BC091800
AY613931°

BT045779

+

BC067736

AKO047390
BC096024

BC061325

AY613929

AK223575
AK092682

+

AJ557515

BC089203

+

BC134888
BC112964

+

a. Accession numbers for cDNAs listed. All others have been identified through homology mapping in their respective genomes.

b. Mis-labeled in GenBank as DL-M (muscle RGMc).
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Table 2.2: Characteristics of RGM genes

Species Gene Size  # Exons MRNA
(kb) (kb)
RGMa Human 45.8 4 3.2
Mouse 44.4 4 3.6
Zebrafish 12.5 4 4.5
RGMb Human 24.8 5 2.2
Mouse 20.3 3 4.2

Zebrafish 18.3 3 >1.3
RGMc Human 4.3 4 2.1
Mouse 4.0 4 2.0
Zebrafish 11.4 4 1.7
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Table 2.4: Amino acid identity among RGM proteins

% vs.
Mouse
Species Size RGMa RGMb RGMc
(aa)

RGMa | Human 434 91 50 48
Mouse 438 100 49 48
Zebrafish 433 68 48 43
Chicken 432 80 53 45

RGMb | Human 437 52 89 42
Mouse 438 49 100 42
Zebrafish 436 46 65 42

RGMc | Human 426 49 44 88
Mouse 420 48 42 100
Zebrafish 410 44 41 46

Calculations are based on Smith-Waterman (local) alignment using Blosum62 matrix,
gap open penalty of 10.0, and gap extend penalty of 0.5. The protein sequences are

derived from cDNAs whose accession numbers are listed in Table 2.1.
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Table 2.5: Abbreviations in Genomic Loci

Abbreviation

NR2F2
MCTP
RGM
CHD
ST8SIA2
SLCOS3A1
GNRH-R4HS
LNPEP
LIX1
RIOK?2
PRDM9
TXNIP
POLR3GL
ANKRD34
MTX1
THBS3
RBMS8A
PEX11B
ZNF364
FCGR1A

Definition

nuclear receptor subfamily 2, group F, member 2
multiple C2 domains, transmembrane

Repulsive guidance molecule

chromodomain helicase DNA binding protein 2
ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase

solute carrier organic anion transporter family, member 3A1l

gonadotropin-releasing hormone receptor GhnRH-R4SHS
leucyl/cystinyl aminopeptidase

protein limb expression 1

right open reading frame kinase 2

PR domain containing 9

thioredoxin interacting protein

polymerase (RNA) I11 (DNA directed) polypeptide G like
ankyrin repeat domain 34

metaxin 1

thrombospondin 3

RNA binding motif protein 8A

peroxisomal biogenesis factor 11 beta

Zfp364 (zinc finger protein 364)

Fc fragment of 1gG, high affinity la, receptor (CD64)
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Table 2.8 Disease-causing mutations in human Hemojuvelin (HJV; human RGM(c)

RGM
WT Residue Mutation Genetics Potential Pathophysiology Conservation Reference(s)
Gll'l 6 HIS a Intracellular mis-sorting? 103
Unpaired Cys? (or altered disulfide bond)
CyS 80 Al’g a Model suggests unpaired Cys ek 104
Ser 85 Pro b Structural Change (alpha-helix disruption) ¥ 100
G ly 99 Val b RGD interruption ok 3
Gly 99 Arg a RGD interruption *¥ 100
Leu 101 Pro a, b RGD interruption: breaking a-helix X 104
Altered disulfide bond?
Cys ] ] 9 Phe b Alpha-helix disruption @ -NCS- site 3k f05
Ala 168 ASp b Altered internal cleavage? (DP at 172-173) *k 100
Phe 170 Ser b Altered intemal cleavage? (DP at 172-173) wok 100
ASp 1 72 Glu a Altered internal cleavage? (DP at 172-173) ok 100
Altered intemal cleavage? (DP at 172-173)
A[g 176 CyS a Altered disulfide bond? ok 106
internal cleavage site (beta-sheet
TI‘p 191 Cys b disruption) *k 100
RGMb)
Sel’ 205 Arg a Predicted to be adjacent to DP site ok 100
Structural Change (alpha-helix disruption)
Ile 222 Asn a Structural Change in vWD ok 3
Asp 249 H]S b Structural Change (alpha-helix disruption) ek 107
Altered flexibility in region predicted to be )
G ly 250 Val a between N-term and C-term ol 100
Ile 281 Thr a, b Structural Change (beta-sheet disruption) ok 3, 103
Arg 288 Trp b Structural Change (beta-sheet disruption) Aok 100
3, 100,
Gly 320 Val a, b Altered structure around Cys 3217 *k 105-109
Cys 321 Tl’p a Loss of disulfide bond? ok 110
Leu 27 fsX b Not synthesized? * 111
Arg 54 fsX b Not synthesized? 112
Gly 66 fsX b Not synthesized? 113
Val 74 fsX a Not synthesized? 100
Gln 116 fsX a Not synthesized? b 109
Arg 131 fsX b Not synthesized? 100
ASp 149 fsX b Not synthesized? 100

(continued on next page)
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Table 2.8 Disease-causing mutations in human Hemojuvelin (HJV; human RGMc)

(continued from previous page)

WT Residue Mutation Genetics

RGM

Potential Pathophysiology Conservation Reference(s)

Asn
Gln

Genetics: a = Compund Heterozygote b = Homozygous

Relative RGM Conservation:

fsX = frameshift

269
312
319
321
326
328
361
385

fsX
fsX
fsX
fsX
fsX
fsX
fsX
fsX

** = Highly Conserved

References: [3, 100, 103-113]

a

b

Not synthesized?

Misfolded protein?

Misfolded protein?

Unpaired Cys? (Altered disulfide bond)
No GPI anchor

No GPI anchor

PPC disruption?

No GPI anchor

Unpaired Cys? (Altered disulfide bond)

No GPI anchor

No GPI anchor

* = low caonservation
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Figure 2.1: Comparative structures of RGMa genomic loci. The relative position of
the RGMa gene (red line) is indicated on each chromosome (Chr.; human 15, mouse 7,
chicken 10, zebrafish 18) in relation to the centromere (grey oval, if information
available) and telomere. Presented below each chromosome is a higher resolution view
of the RGMa locus for each species. Neighboring genes are indicated, with the
transcriptional direction represented by an arrow. Gene names corresponding to the

abbreviations may be found in Table 2.5.
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Figure 2.2: Comparative organization of RGMa genes. The anatomy of human,
mouse, zebrafish, and chicken RGMa genes is shown. Exons are indicated by boxes,
with coding regions in blue and non-coding regions in yellow. The assignment of exon
numbers is based on comparison with mouse RGMa. The polyadenylation site when
known is depicted by a vertical arrow. The location of zebrafish exon 1 is based on
mapping available EST data taken from GenBank (accession numbers AL911518 and
EH589480). The length of one of the introns of chicken RGMa is not known (shown as
two angled lines), as putative exon 2 cannot be mapped to the genomic DNA sequence,
which appears to be incomplete in this region. Chicken exon assignments are in

parentheses because putative exon 1 cannot be mapped to the genome.
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Figure 2.3: Characteristics of RGM proteins. A. The linear maps of mature RGMa,
RGMb, and RGMc contain the following features: RGD (arginine-glycine-aspartic acid)
motif (RGMa and RGMc - green); VWD, partial vonWillebrand type-D domain (yellow);
PPC, pro-protein convertase recognition and cleavage site (RGMc only - purple); * -
location of asparagine-linked glycosylation sites; vertical solid arrowhead - site of intra-
molecular proteolytic cleavage to generate two-chain RGMa and RGMc; vertical open
arrowhead - possible site of intra-molecular proteolytic cleavage in RGMb; solid red
vertical lines - conserved cysteine residues. The squiggle at the COOH-terminus of each
protein represents the GPI anchor. B. Schematic of mature RGMa, RGMb, and RGMc
on the cell surface, as well as the secreted forms of RGMc. Based on published studies,
RGMa appears to be primarily a two-chain molecule, and RGMb a single-chain protein,
while RGMc appears to be represented by both single- and two-chain species.
Experimental data supports at least one disulfide bond between the NH,- and COOH-
termini [34, 69, 71], and ab inito molecular modeling (see Fig. 2.14) predicts one or two
disulfide bonds connecting the two-chain RGM isoforms (shown as —S-S-), though the
exact number is currently unknown. Single chain RGMc is released from the cell
surface, and is found in extracellular fluid and in blood [34, 67-72], potentially through
the actions of a furin-like pro-protein convertase (PPC) and/or a phosphatidylinositol
phospholipase C (PI-PLC). It is not known if RGMa, RGMb, or two-chain RGMc are
released from the membrane (as indicated by arrows with question marks). Locations of
asparagine-linked glycosylation sites are indicated by asterisks, and the GPl-anchor is

depicted as a squiggle.
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Figure 2.4: Comparative structures of putative N-linked glycosylation sites in the
RGM family. The linear maps of mature protein for the RGM family highlighting the
asparagine (Asn; N)-linked glycosylation sites, depicted as an asterisk, *. In addition, the
following features are noted: RGD (arginine-glycine-aspartic acid) motif (RGMa and
RGMc - green); vWD, partial vonWillebrand type-D domain (yellow); PPC, pro-protein
convertase recognition and cleavage site (RGMc only - purple); vertical arrowhead - site
of intra-molecular proteolytic cleavage to generate two-chain RGMa and RGMc, and a
possible site of intra-molecular proteolytic cleavage in RGMb; solid red vertical lines -
conserved cysteine residues. The squiggle at the COOH-terminus of each protein
represents the GPI anchor. ‘+’ indicates the motif is present (but may or may not be
experimentally determined to be an N-linked glycosylation site) in all species noted in
Table 2.1, unless otherwise noted, ‘-’ indicates motif not present in those species

surveyed.
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Figure 2.5: Model of the generation of different known RGM family isoforms. A.
Schematic of the generation of the four possible isoforms known to be present in at least
one of the RGM family members. Identifiable motifs are as follows: RGD (arginine-
glycine-aspartic acid) motif (RGMa and RGMc - green); vWD, partial vonWillebrand
type-D domain (yellow); PPC, pro-protein convertase recognition and cleavage site
(RGMc only - purple); squiggle at the COOH-terminus of each protein represents the GPI
anchor; S-S, are disulfide bonds, the exact number of which are unknown to date; scissors
indicate a likely enzymatic cleavage point, based on predictions in [71, 98]. B. The
different known isoforms based on experimental data and the known interactions between
BMP-2 or neogenin, with relative strength of binding indicated as a “+’ for stronger
interactions, or ‘-’ with no appreciable interactions shown based on data from Refs. [70];
“?” indicates a hypothesized interaction based on studies of similar isoforms from other
RGM family members. Asparagine (Asn; N)-linked glycosylation sites are omitted from
A. for clarity, and included as an asterisk, ‘*’, in B. Figure is modeled after Kuninger, et
al., BMC Biochemistry (2008) v9(1):9, and Kuns-Hashimoto, et al., Am J Physiol Cell
Physiol (2008) v294(4):C994-C1003.
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Figure 2.6: Comparative structures of RGMb genomic loci. The relative position of
the RGMb gene (red line) is indicated on each chromosome (Chr.; human 5, mouse 17,
chicken Z, zebrafish 5) in relation to the centromere (grey oval, if information available)
and telomere. Presented below each chromosome is a higher resolution view of the
RGMDb locus for each species. Neighboring genes are indicated, with their transcriptional
direction represented by an arrow. For the zebrafish RGMb locus, a nearby provisional
gene is shown in grey; to date no other genes have been mapped to this region. Gene

names corresponding to the abbreviations may be found in Table 2.5.
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Figure 2.7: Comparative organization of RGMb genes. The anatomy of human,
mouse, and zebrafish RGMb genes is shown. The assignment of exon numbers is based
on comparison with human RGMb, and is provisional for mouse and zebrafish, as
indicated by the parentheses. Exons are indicated by boxes, with coding regions in blue
and non-coding regions in yellow. The polyadenylation site, when known, is depicted by
a vertical arrow. Only coding information is available for zebrafish RGMb.
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Figure 2.8: Comparative structures of RGMc genomic loci. The relative position of
the RGMc gene (red line) is indicated on each chromosome (Chr.; human 1, mouse 3,
zebrafish 16 and 19) in relation to the centromere (grey oval, if information available)
and telomere. Presented below each chromosome is a higher resolution view of the
RGMc locus for each species. Neighboring genes are indicated, with their transcriptional
direction represented by an arrow. Lix1-like and Polr3gl-like are putative-pseudo-genes
(Lix1l and Polr3gl-1), as there is no known transcript available in GenBank. A region of
zebrafish Chr. 19 is shown to indicate a duplication of genes when compared to Chr. 16,
but RGMc has not been duplicated on Chr. 19. Gene names corresponding to the

abbreviations may be found in Table 2.5.
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Figure 2.9: Comparative organization of RGMc genes. The anatomy of human,
mouse, and zebrafish RGMc genes is shown. Exons are indicated by boxes, with coding
regions in blue and non-coding regions in yellow. The assignment of exon numbers is
based on comparison with mouse RGMc, and is provisional for zebrafish (in

parentheses). The polyadenylation site is represented by a vertical arrow.
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Figure 2.10: Map of the known mutations in Hemojuvelin (HJV; human RGMc)
that cause the disease juvenile hemochromatosis (JH). The full length linear sequence
of human Hemojuvelin (HJV; human RGMc), with the following annotations: SP (signal
peptide) motif (light blue) and its approximate boundaries which have not been
experimentally determined; RGD (arginine-glycine-aspartic acid) motif (green); vWD,
partial vonWillebrand type-D domain (yellow); PPC, pro-protein convertase recognition
and cleavage site (purple); squiggle at the COOH-terminus represents the GPI anchor
signal sequence; locations of asparagine-linked glycosylation sites are indicated by
asterisks, “*’; vertical solid arrowhead - site of intra-molecular proteolytic cleavage to
generate two-chain HIV/RGMc. Above the linear sequence shown with a bent arrow are
the known JH-causing frameshift (nonsense) mutations along with the amino acid residue
at which the mutation takes place (e.g., L27fsX is a leucine at amino acid position 27).
Below the sequence are the known JH-causing mis-sense mutation depicted as a vertical
line along with the amino acid residue in the wild-type protein, the position in the linear
sequence, and the residue to which the mutation creates (e.g., G320V (mouse G313V) is

a glycine at amino acid position 320 mutated to a valine). Also see Table 2.8.
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Figure 2.11: Comparative organization of RGMc at exon boundaries within the
coding sequence. The arrangement of the coding sequence (CDS) of RGMc appears to
be well conserved over evolutionary distance. Human, mouse, and zebrafish RGMc all
use a three-exon CDS in which the first and second coding exons share a codon triplet,
whereas the second and third coding exons have separable codon triplets. RGMc genes
from these three species are shown with exons indicated by boxes, with coding regions in
blue and non-coding regions in yellow. Vertical lines with gaps indicate large distances
in the zebrafish introns when compared to human and mouse; refer to Table 2.7 for
intronic distances. On the bottom is the example of mouse (Mmu = Mus musculus)
RGMc with the protein sequence enclosed in a box, and the corresponding nucleotide
codon triplet indicated below in the same color (red or green). Exon boundaries are

indicated by vertical lines.
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Figure 2.12: Phylogeny of the RGM family. Evolutionary trees have been derived
from the protein translation of well-annotated RGM DNA sequences in which the mRNA
and gene agrees. Methods of analysis are as follows: 7 separate multiple sequence
alignments (MSAs) of full-length RGM proteins were performed with MUSCLE [39],
Clustal-W [114], or hand-alignment, followed by direct submission or a codon-optimized
alignment through PAL2NAL [115]. Either protein-MSAs or codon-based alignments
were submitted to several phylogenetic methods, including neighbor joining with
unrooted and rooted trees (via MacVector), maximum likelihood [116, 117] (with and
without Bootstrap methods on neighbor joining and maximum likelihood), and Bayesian
[118, 119] analysis. A. RGM family phylogeny using an unrooted maximum likelihood
method, displaying a distance of 0.1 amino acid substitutions per position (scale bar). B.
RGM family cladogram derived from the neighbor joining method (Poisson-correction
with gaps distributed proportionally) rooted with zebrafish (Dre) RGMc, displaying
bootstrap values as percentage of 5000 replications supporting that branch on the
cladogram. Species abbreviations for A and B may be found in Table 2.1. For both A
and B, the putative ancestral RGM is highlighted in green and the ancestral gene to
RGMa and RGMb is shown in blue. Phylogeny and cladogram created using Pal2NAL
[115], Selection Server [120], Phylogeny.fr [117], PhyML 3.0 [116], TreeDyn [121], and
MacVector v7.2.3.
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Figure 2.13: Mapping the putative disulfide bonds to the Ab initio model of the
RGM proteins. The predicted disulfide bonding pattern of six independent ab intio
models (see Fig. 2.14 for structure and details) are shown (e.g., Model 1: Cys'-Cys? are
predicted to form a disulfide bond, as are Cys*-Cys>, Cys®-Cys'’, etc.). Alternative
bonding patterns within the same model are listed as ‘alt.” if an additional cysteine was
predicted to be in close proximity. Cysteines are shown as red lines, and numbered 1 to
14 according to the number found in the mature protein (all 14 cysteines in the mature
protein are conserved in all species listed in Table 2.1). The signal peptide (SP) and GPI-
anchor sequences are shaded, as they are not included in the mature protein, but present
to demonstrate the cysteine found in the SP and numerous non-conserved cysteines that
may be present in the GPI signal sequence of select RGM family members (depicted as a
dotted red line). Additional regions of interest are labeled as follows: RGD motif (RGMa
and RGMc only, green); VWD, partial vonWillebrand type-D domain (yellow); PPC, pro-
protein convertase recognition and cleavage site (Mammalian RGMc only, purple);
asparagine-linked glycosylation sites are indicated by asterisks, ‘*’; vertical solid
arrowhead - site of intra-molecular proteolytic cleavage to generate the two-chain RGMa
and RGMc.
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Figure 2.14: Ab initio model for RGM proteins. The model was generated using
Rosetta [88-91, 94, 122], using the following steps: First, 1000 independent structures
were predicted from a fragment library prepared with the Robetta Fragment server [87,
92, 93]. Structures were clustered for similarity based on their root mean square
deviations. The centers of the three largest clusters were chosen as the best models,
defined as having the lowest standard deviation of the mean among positions of carbon
atoms of all residues to all other simulations in a cluster. Selected structures were
minimized using CharmM [123, 124] and analyzed for consistency with known
experimental data as described [125]. A single model is illustrated. A. Cartoon version
of the model. Cylinders represent a-helical regions, thick lines with arrows, 3-sheets,
and thin lines, unstructured regions. The model suggests that members of the RGM-
family adopt a two-lobe structure. The RGD domain is depicted in green, the partial VWD
domain is in yellow, cysteines are in purple, asparagine-linked glycosylation sites
conserved in all 3 mammalian RGMs are in cyan (and labeled -NCS— and —-NFT-), and
the GPI anchor attachment site at the COOH-terminus is noted. All of the above regions
appear to be surface exposed. The pro-protein convertase site (found only in mammalian
RGMCc) is depicted by an arrow labeled PPC. The NH,-terminus is not visible as it is
located behind the partial VWD domain in the left lobe of the protein. An interactive

three-dimensional version of A can be found at hitp://www.BiochemJ.org/422/0393/bj4220393add.him

. B. Space-filling version of the model. The increasing thickness of the tubes represents
greater divergence in primary amino acid sequences among RGM family members. The

protein domains are color-coded as in A.
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Figure 2.15: The RGD-motif in RGM proteins. Protein sequence alignment of the
RGD (arginine-glycine-aspartic acid)-motif (found in RGMa, RGMc, and the putative
RGM from purple sea urchin, Strongylocentrotus purpuratus) or -RGN- sequence (for
RGMb and the putative RGM from Ciona intestinalis) highlighted with boxes. Cysteine
residues highlighted in yellow, with acidic and basic residues highlighted in red and blue,

respectively. Abbreviations for species listed may be found in Table 2.1.
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Figure 2.16 The vWD-domain in RGM proteins. Protein sequence alignment of the
partial VWD (vonWillebrand type-D)-domain. Regions conserved between all RGM
family members are highlighted in gray, and areas where RGMb is highly conserved but
differs from RGMa and RGM(c are highlighted in black. The putative N-linked
glycosylation site found only in mammalian RGMc is indicated by an asterisk, “*’.
Amino acid residues that are 100% conserved are shown at the bottom, along with the
following notations: “:” conserved chemistry (e.g., hydrophobic), and ‘.’ conserved in all

but one sequence. Abbreviations for species listed may be found in Table 2.1.
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RGMa

Mmu ——PNYTHCGLEGDPHLRTETDHEQTCKVQOGAWPLIDNNYLNVQVINTPVLPGSAATATS-KLTITIEK
Hsa ——PNYTHCGLEGDPHILRTETDREQTCKVQOGAWPLIDNNYLNVQVINTPVLPGSAATATS-KLTIIEK
Gga --PNYTHCGLEGDPHLRTETDTEQTCKVOGAWPLIDNNYLNVQVINTEVLPGSSATATS-KLTIIEFK
Xtrop --PNYTHCGLEGDPHLRTESDTEQTCKIQGAWPLIDNNYLNVQVINTPVLPGSIATATS-KLTIIFEK
Dre --PNYTHCGFEGDPHLRTENDDEQTCKVEGAWPLIHNKYLSVQVINTEPVVVGSSATATS-KLTITIEN
RGMb
Mmu RPPNYLICGLEGDPHLRTFKDHEQTCKVIRGAWPL IDNNY LEVOVINYPVVPGS SATAT-NKVTIIFK
Hsa NPPSYLICGLEGDPHLRTFKDNEQTCKVIRGAWPL IDNNY LEVOVINYPVVPGS SATAT-NKITIIFK
Xtrop TQPNYLCGLEGDPHLRTEQDHEQTCKVIMGAWPLIDNNYLEVOVINYEPVVPGSSATAT-NKITIIEK
Dre PRIMYLIACGLFGDPHLRTFKDQFQTCKVIIGAWPL I DNNYLEVOVINWPVVYGSSATAT-NKITIIFK
RGMc *
Mmu ——PGFLHCASEGDPHVRSEHNQEHTCRVOGAWPLL.DNDFLEFVQATSSPVSSGANAT-TIRKITITIEK
Rno ——PGFLHCASEGDPHVRSEHNHEHTCRVOGAWPLTL.DNDFLEVQATSSPVASGANAT-TIRKITIIEK
Hsa --PGFLHCASFGDPHVRSFHHHEHTCRVQGAWPLLDNDFLEVQATS SPMALGANATAT-RKLTITIFK
Dre --PEYLHCGVEGDPHIRTENEEEQTCAVOGAWPLIDNQYLYIQATSSPTRESSDITILT-EVIVIEQ
100% --.—-:-—-C:-FGDPH:R:F---F-TC.:-GAWPL: .N-:L-:Q-T--P-—-.--.T..——.-T:IF-
: Conserved Chemistry (e.g., Hydrophobic)
. Conserved in all but one sequence
Areas conserved between all RGM family members = _|
Areas where RGMb differs from RGMa and RGMc = I
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Chapter 3

Structure of the RGMc gene and characterization of the

RGMc promoter

“What makes it difficult is that research is immersion in the unknown. We just don’t know what
we re doing. We can’t be sure whether we 're asking the right question or doing the right

experiment until we get the answer or the result.” —Martin A. Schwartz (J. Cell Science 2008)

“To arrive at knowledge slowly, by one’s own experience, is better than to learn by rote in a
hurry, the facts that other people know, and then be glutted with words, to lose one’s own free,
observant, and inquisitive ability to study.” —Johann Heinrich Pestalozzi (1746-1827)
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3.1: Summary

Repulsive guidance molecule ¢ (RGMc), or hemojuvelin (HJV), a protein first reported in
2004, is produced in striated muscle and the liver, has been shown to play a critical role
in systemic iron metabolism in mammals. Inactivating mutations in RGMc/HJV cause
juvenile hemochromatosis, a severe systemic iron overload disorder in humans.
Understanding the molecular mechanisms responsible for control of RGMc biosynthesis
under physiological or pathological conditions has been hampered by lack of
fundamental information about the RGMc gene. In this study, we define the structure of
the mouse RGMc gene and its mechanisms of regulation in skeletal muscle, the major
tissue where it is expressed. RGMc is a 4-exon gene with a discrete transcription start
site in exon 1 that undergoes alternative RNA splicing in exon 2 to yield 3 distinct
mRNAs differing in length of the 5’ untranslated region. RGMc gene transcription is
induced early during myoblast differentiation in culture, leading to sustained production
of RGMc mRNA. Using reporter gene experiments we identify 3 critical regions of the
proximal RGMc gene promoter, comprising paired E-boxes, a putative Stat and/or Ets
element, and a MEF?2 site, that when mutated collectively abrogate RGMc transcriptional
activity in muscle. Myogenin and MEF2C can activate the RGMc promoter in non-
muscle cells, supporting the idea that these muscle-enriched transcription factors are key
components of RGMc gene regulation. In contrast, we were not able to identify promoter
elements responsible for RGMc gene expression in the liver. As the promoter elements
are highly conserved in vertebrates, our results support the hypothesis that RGMc has

been a muscle-enriched gene throughout its evolutionary history.
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3.2: Introduction

Iron-related metabolic and hematologic disorders affect millions of individuals
worldwide. Iron plays a critical role in numerous cellular processes ranging from oxygen
exchange and energy metabolism [126] to nucleic acid synthesis and DNA repair [127],
yet too much or too little iron can cause severe tissue and organ damage [24]. As a result,
iron levels are tightly regulated in humans and other mammalian species [128], with
primary control being exerted at the level of absorption from the small intestine [128,
129]. Hemojuvelin (HJV) or repulsive guidance molecule ¢ (RGMc) is a recently
identified gene that was initially linked to systemic iron metabolism by the discovery that
mutations in humans caused the rapidly progressive and severe iron overload disorder,
juvenile hemochromatosis (JH) [105, 130]. This relationship was strengthened when
mice engineered to lack RGMc also developed iron overload [1, 2]. As RGMc/HJV has
been found more recently to indirectly regulate the expression of hepcidin [3, 69, 72], a
peptide hormone made in the liver that negatively controls intestinal iron absorption in
the duodenum [74, 129], it is thus a component of a homeostatic pathway that regulates

iron uptake [1-3, 24, 72].

RGMc was discovered not only as a gene mutated in JH [3], but also was identified as a
novel transcript expressed during skeletal muscle differentiation [31], and as a member of
a conserved three-gene family that receives its name from the axonal guidance molecule
RGMa [27, 29, 30, 33]. Unlike RGMa or RGMb, RGMc is not expressed in the central
nervous system, but rather is produced by striated muscle and by hepatocytes in the liver
[27, 31, 33]. During development RGMc transcripts are expressed first in the somites in
both mice and zebrafish [30, 31, 41] (Fig. 3.1A and B), and then later in skeletal muscle,

as well as in the embryonic heart and liver [1, 31] (Fig. 3.1A). This unique pattern of
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RGMc expression in striated myocytes and hepatocytes is maintained in the adult (Fig.
3.1C). To date, the molecular mechanisms responsible for tissue-specific gene
expression have not been elucidated, and very little is known about RGMc gene
regulation in any species, as no promoter has been characterized. Here we define the
structure of the mouse RGMc gene and identify the DNA elements responsible for gene
transcription in skeletal muscle. Further analysis reveals that these cis-acting muscle-
specifying DNA elements are highly conserved in RGMc genes from multiple
mammalian species, supporting the hypothesis that RGMc has been a muscle-enriched
gene throughout its evolutionary history. Furthermore, many of these elements are
conserved in non-mammalian vertebrates and can be found in other RGM gene family
members. | will explore the implications of these conserved elements to gain future
insight into the evolution of the RGM gene familiy, while focusing experimentally on the

regulatory mechanisms of the RGMc gene.
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3.3: Experimental Procedures

3.3.1: Materials — Restriction enzymes, buffers, ligases, and polymerases were
purchased from New England Biolabs (Beverly, MA), BD Biosciences (Clontech,
Mountain View, CA), and Fermentas (Hanover, MD). The BCA protein assay kit was
from Pierce (Thermo Scientific Life Sciences, Rockford, IL), and the QuikChange XL
site-directed mutagenesis kit from Stratagene (La Jolla, CA). TransIT LT-1 was from
Mirus Corp (Madison, WI). Dulbecco’s modified Eagle’s medium (DMEM), Superscript
111 first-strand synthesis kit, Trizol, and horse serum were from Life Technologies
(Carlsbad, CA). Fetal bovine serum (FBS) and newborn calf serum (NCS) were from
Hyclone (Logan, UT). Luciferase assay reagent was purchased from Promega (Madison,
WI1). AquaBlock EIA/WIB solution was from East Coast Biologicals (North Berwick,
ME), and Immobilon-FL was from Millipore (Billerico, MA). DRB (5,6-dichloro-1-p-D-
ribofuranosylbenzimidazole) was from Sigma (St. Louis, MO), and DNA purification
reagents from Qiagen (Valencia, CA). Antibodies were purchased from the following
suppliers: myogenin (F5D hybridoma), Developmental Studies Hybridoma Bank (lowa
City, IA; W. E. Wright); MEF2 (C-21, sc-313), and MyoD (M-318, sc-760), Santa Cruz
Biotechnologies (Santa Cruz, CA); a-tubulin, Sigma; Pan Akt, (#9272), Cell Signaling
Technology (Beverly, MA); CREB (UBI 06-863), Upstate Biochemicals, a division of
Millipore; AlexaFluor 680- and 800-conjugated goat anti-mouse 1gG, Life Technologies;
IR800-conjugated goat anti-rabbit 1gG, Rockland (Gilbertsville, PA). Oligonucleotides
were synthesized at the OHSU DNA Services Core. All other chemicals were reagent

grade and were purchased from commercial suppliers.

3.3.2: Construction of RGMc promoter-reporter plasmids — Mouse RGMc genomic

DNA was isolated from BAC clone RP24-136119 (Children’s Hospital Oakland Research
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Institute BACPAC resource center (http://bacpac.chori.org/), Oakland, CA). All RGMc

DNA sequences characterized in this dissertation match what is present in mouse genome

databases [45] except for a 33-bp region of intron 2, which is not present in the BAC

DNA. DNA fragments generated by restriction enzyme digestion or PCR were purified

after preparative agarose gel electrophoresis by ion-exchange chromatography (Qiaexx 11

gel extraction kit, Qiagen), and sub-cloned into the pGL3-basic firefly luciferase vector

(Promega) by standard methods. Mutations in the RGMc promoter were introduced by

site-directed mutagenesis with the following oligonucleotide primers (top strand is

shown, mutations are in lower case):

E-box at -588 to -583:
5'-GGTGGAGAGAGAGTAGAQctagcCAGAGATCTGATCTGGGC-37;

E-box at -514 to -509:
5'-GCTCTCGGATTTCTCGGGAQggcccGACCTTTCAGCTTCTG-3;

[-site at -119 to -111:
5’-GCTCCCACACCCCACTGCCACCAACGCgtCTGCecTTTTGGACCTAG-3;

MEF?2 site at -98 to -84:
5’-CCTGGAATTTTGGACCTAGtggccaTTAgGAALTCTCAACTCAGTAGGC
ACCTCCCTCCTCC-3".

All DNA modifications were confirmed by sequencing.

3.3.3: Cell culture - Cells were incubated at 37°C in humidified air with 5% CO,. C2
myoblasts (passages 4 to 10) were grown on gelatin-coated tissue culture dishes in
DMEM with 10% heat-inactivated FBS and 10% NCS. At confluent density cells were
washed and low-serum differentiation medium was added (DM = DMEM with 2% horse
serum). C3H-10TY2 mouse embryonic fibroblasts (10T% cells, #CCL-226, ATCC,

Manassas, VA) were maintained between passages 12 and 18, and incubated on gelatin-
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coated dishes in DMEM plus 10% FBS. They were converted to myoblasts by infection
with a recombinant adenovirus for mouse MyoD [131], followed by incubation in DM as
above. Liver cell cultures were as follows: Normal alpha mouse liver 12 (AML-12;
CRL-2254) cells, cultured in a 1:1 mixture of Dulbecco's modified Eagle's medium
(DMEM) and Ham's F12 medium supplemented with ITS (Final concentration:10 ug/mi
insulin, 5.5 ug/ml transferrin, 6.7 ng/ml selenium), 0.1 uM dexamethasone, and 10%
FBS. Two different human hepatoma cell lines were used (HepG2, HB-8065; and
Hep3B, HB-8064), and were cultured in Eagle's Minimum Essential Medium (EMEM)
plus 10% FBS. Primary mouse hepatocytes were harvested by A. Duncan of the Grompe
Laboratory at OHSU via methods described in Refs. [132-134], and subsequently
cultured by the author as per above references, outlined in Fig. 3.19A. Rat hepatoma
FTO-2B cells were cultured in DMEM plus 10% FBS, and kindly provided by M. Thayer
of OHSU. Cell images were captured by phase contrast microscopy using a Nikon

Eclipse T300 microscope with an attached Roper Scientific Cool Snap FX CCD camera.

3.3.4: Recombinant adenoviruses - Recombinant adenoviruses for MyoD (Ad-MyoD)

and B-galactosidase (Ad-B-gal) were prepared as described [131].

3.3.5: Analysis of gene transcription by promoter-reporter gene assays - C2 and
10T% on gelatin-coated 12-well plates were transfected with individual RGMc promoter-
reporter plasmids or with controls [(thymidine-kinase (TK) - Luc [135], mouse myogenin
- Luc [136], mouse IGF-11 promoter 3 - Luc [137], 4xE-box TK - Luc [136]] at 50% or
25% of confluent density, respectively (0.7 ug of plasmid DNA per well for C2 cells, 0.4
ug for 10T cells). C2 cell extracts were harvested either one-day later

(undifferentiated), or after DM was added for an additional 48 hr (differentiated). For
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10TY2 cells, one day after transfection cells were infected with Ad-MyoD or Ad--gal,
and extracts were collected following another day in growth medium (undifferentiated),
or after DM was added for a further 24 hr (differentiated). Cell extracts from individual
experiments were stored at -80°C, and were assayed together for luciferase activity, as
described [136], and results were normalized to cellular protein concentrations. At least
3 experiments were performed for each promoter - reporter plasmid using duplicate
transfections per experiment. To assess effects of myogenin or MEF2 on RGMc
promoter activity, co-transfection experiments were performed in 10T% cells with
selected RGMc promoter - reporter genes, and expression plasmids for mouse myogenin
(myogenin-IRES-EGFP or EGFP [136]), or constitutively active MEF2C (MEF2C-VP16
- from J. Molkentin [138, 139]) in pcDNA3 or empty vector.

3.3.6: Animal studies - Male C57BI6 mice were housed at the OHSU Animal Care
Facility on a 12 hr light/dark schedule with free access to food and water, and received
care according to National Institutes of Health guidelines. At 3 months of age, mice were
euthanized by cervical dislocation and tissues were harvested, flash-frozen in liquid
nitrogen, and pulverized prior to RNA isolation. Animal studies were approved by the

OHSU Animal Care and Use Committee.

3.3.7: RNA isolation and analysis - Total cellular RNA was isolated from cells and
tissues using Trizol, followed by sodium acetate-ethanol precipitation and suspension in
RNAse-free de-ionized water. Nuclear RNA was isolated from cells as described [137].
RNA concentrations were determined spectrophotometrically at 260 nm, and quality
assessed by agarose gel electrophoresis. RNA (5 ug) was reverse transcribed in a final

volume of 20 pl, with either oligo-dT primers (for total RNA) or random hexamers (for
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nuclear RNA), and PCR was performed with 0.1 pl of cDNA and the primers listed in
Table 3.1. The linear range of product amplification was established in pilot studies for
each primer pair, and the cycle number that reflected the approximate midpoint was used
in final experiments. This varied from 18 - 30 cycles for total RNA and from 25 - 30
cycles for nuclear RNA. Results were visualized after electrophoresis through 1.0 - 1.8%

agarose or 10% PAGE gels.

3.3.8: RNA half-life — Confluent C2 cells were incubated in DM for 48 hr, washed, and
DRB [75 uM] was added in DM for 0.5 to 12 hr. Total cellular RNA was isolated, and
used in RT-PCR experiments, as above. Half-life was determined by averaging results of
two independent experiments using non-linear regression fit to a one-phase decay

equation, Y = Yo e ™.

3.3.9: Mapping the 5’ end of the mouse RGMc¢ gene— The 5° RACE method was
employed with mouse skeletal muscle RNA. First strand cDNA was prepared using
specific primers complementary to portions of mouse RGMc exons 2 and 4 (Table 3.1).
Subsequent steps were as described [140, 141], with primers for second strand cDNA
synthesis from RGMc exon 1 (Table 3.1), and for PCR from RGMc exon 1 and a poly T
adaptor (Table 3.1). Gel-purified PCR products were cloned into the pPGEM-T Easy
vector (Promega), and the DNA was sequenced. A total of 15 independent clones were
analyzed. A nested RT-PCR-based method also was used to map the 5 extent of RGMc
exon 1 from mouse muscle, liver, and heart RNA. Primers are listed in Table 3.1. A
total of 83 independent clones were characterized by restriction enzyme mapping and/or

DNA sequencing.
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3.3.10: DNA-Protein binding studies— Electrophoretic mobility shift assays were
performed as described in [135, 142, 143], with C2 or 10T nuclear proteins and 5’-
phoshphoramidite-infrared-dye700-labeled double-stranded oligonucleotides as follows

(only the top strand is listed):

Gene from: Oligo name Length DNA Seq. (Top Strand)

MEF2 (E. Olsen)
mMCK Ref.[144] 25nt 5' GATCGCTCTAAAAATAACCCTGTGC

MEF2 (mMCK) 36 nt 5 GGAGGAGAAGCTCGCTCTAAAAATAACCCTGTCCCT
RGMc RGMc (-106:-80) 27 nt 5' GGACCTAGCTATTTTTAAAACTGTCAA

RGMc (-127:-98) 30 nt 5' CACCAACGTTCCTGGAATTTTGGACCTAGC

RGMc (-143:-110) 34 nt 5' TCCCACACCCCACTGCCACCAACGTTCCTGGAAT
RGMc (+116:146) 30 nt 5 GGCTCGAGAACCCAGTATCAGAGTAATGCT
RGMc (+136:165) 30 nt 5 GAGTAATGCTTGACCTCGGGAAACAGTAAG

RGMc RGMc-MEF2mut
MEF2mut (-106:-80) 27nt 5 GGACCTAGCGGGGTTTAAAACTGTCAA

After incubation of proteins and DNA for 30 min at 4°C, products were separated by
electrophoresis through non-denaturing 5% polyacrylamide gels in TBE (90mM Tris,
90mM boric acid, and 2 mM EDTA, pH 8.3) at 200 V for 25-35 min at 4 °C. Results
were analyzed using the LiCor-Odyssey infrared imaging system and v1.2 analysis
software (LiCoR Biosciences, Lincoln, NB). The top strand of the nonspecific competitor

oligonucleotide is as follows: Oct-1: > TTTTAGAGGATCCATGCAAATGGACGTACG.

3.3.11: Protein isolation and immunoblotting - Whole cell protein lysates were
prepared as described [131] and aliquots stored at -80°C until use. Protein samples (25
ug/lane) were separated by SDS-PAGE, transferred to Immobilon-FL, blocked in
AgquaBlock, and incubated with primary and secondary antibodies at the following
dilutions: anti-myogenin (1:200), anti-MEF2 (1:3000), anti-MyoD (1:1000), anti-Akt
(1:1000), anti-CREB (1:1000), anti-o.-tubulin (1:30,000), and AlexaFluor 680-conjugated
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goat anti-mouse 1gG or IR800-conjugated goat anti-rabbit 1gG (1:5000). Immunoblot
images were acquired using a LiCoR Odyssey Infrared Imaging System, and analyzed

with v2.0 analysis software (LiCoR, Lincoln, NE).

3.3.12: Data Analysis - Results were graphed and analyzed using Prism (GraphPad
Software, San Diego, CA) or Excel (Microsoft, Redmond, WA). All differences were

assessed using Student’s t-test with p <0.05 as a cut-off for significance.

3.3.13: Computational (in silico) Resources— UCSC Genome Browser [45], LLNL-
ECR Browser [145], Dcode [146], rVista 2.0 [147], TRANSFAC database [148],
GenBank [149], JASPAR [150], CpG Plot [151]
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3.4: Results

3.4.1: Defining RGMc gene structure.

RGMc appears to be a 4-exon gene in mice and humans [152], but the 5 end of exon 1
has not been established in either species, and the promoter has not been characterized.
We thus mapped the start site for mouse RGMc gene transcription as a means to first
identify and then analyze the promoter. RGMc mRNA is expressed in adult mouse
skeletal and cardiac muscle and in the liver (Fig. 3.1C), as during development [1, 31]
(Fig. 3.1). We used 5’ RACE to determine the RGMc transcription start site (TSS) in
skeletal muscle, and found that the 5 end of 14/15 independent cDNA clones clustered
within a 5-nucleotide region of genomic DNA that mapped ~25 nucleotides downstream
from a putative TATA box [153] (Fig. 3.2A). We also used RT-PCR with overlapping
exon 1-specific primers to map the 5° extent of RGMc exon 1 from mouse muscle RNA,
and obtained results in agreement with the 5 RACE data (Fig. 3.2B). Similar

observations were seen with RNA from mouse heart and liver (Fig. 3.3A).

The RT-PCR experiments designed to map the 5” end of RGMc exon 1 used a common
primer located in exon 2 (Fig. 3.2B), and results consistently yielded 3 distinct cDNAs
that differed in length by 18 to 77 nucleotides (Fig. 3.2B and Fig. 3.3). By DNA
sequencing, all three classes of cDNAs contained RGMc exons 1 and 2, and matched
mouse RGMc genomic DNA (Fig. 3.2C and Fig. 3.3). These results support the idea that
the RGMc gene undergoes alternative RNA splicing to generate transcripts with varying
lengths of exon 2, a hypothesis confirmed by evidence for splice acceptor sites at each of
the three putative junctions between intron 1 and exon 2 (AG nucleotides underlined in
Fig. 3.2C). Additional support comes from an expressed sequence tag in GenBank

(AI196626), which matches the intermediate sized version of mouse exon 2, and from
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comparative genomic analysis of 10 mammalian species, which reveals sufficiently
similar DNA sequences to indicate that alternative RNA splicing may be a common
feature of RGMc genes (Fig. 3.3B). Furthermore, this variable-length 5’untranslated
region (UTR) places RGMc transcripts above the average length for UTRs [154-157]
(Fig. 3.4), which are often associated with changes in translatability of the mRNA [22,
158]. Additional analysis and information about the possible function of this alternative
RNA splicing in RGMc may be found in the ‘discussion section’ of chapter 4. Taken
together, our results show that mouse RGMc is a 4-exon gene with a discrete
transcription start site in exon 1 and alternative RNA splicing involving exon 2 that leads

to three distinct transcripts that vary in the length of the 5> UTR (Fig. 3.2D).

3.4.2: RGMc gene transcription is induced during skeletal muscle differentiation.

We next examined the kinetics of RGMc gene expression in differentiating skeletal
muscle cells, using the well-characterized C2 myoblast line as a model [159-161] (Fig.
3.5A). RGMc mRNA was detected as early as 12 hr after addition of DM to confluent
C2 cells, and its abundance increased progressively during the subsequent 60 hr in a
pattern similar to myogenin, a critical transcription factor that is expressed early in
muscle differentiation [162, 163] (Fig. 3.5B). Accumulation of RGMc mRNA during
muscle differentiation appeared to be a consequence of induction of RGMc gene
transcription, as measured by stimulation of nascent nuclear RGMc RNA beginning at ~8
hr after addition of DM, a pattern also temporally similar to myogenin (Fig. 3.5D). We
also examined the RGMc mRNA stability beginning after 48 hr of differentiation by
using the transcriptional elongation inhibitor, DRB [164], and found that RGMc appears
to be a moderately long-lived mRNA, with a half-life of ~5.2 hrs, more than twice that of

myogenin, and nearly four times as long as MyoD (Fig. 3.6). Taken together, results in
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figures 3.5 and 3.6 demonstrate that induction of RGMc gene transcription is the major
regulatory step responsible for accumulation of RGMc mRNA in differentiating

myoblasts.

3.4.3: Analysis of RGMc promoter function in muscle differentiation.

To investigate RGMc promoter function, we first used a 4.2 kb DNA fragment located 5°
to exon 1 to drive luciferase reporter activity in 10T%2 cells infected with Ad-MyoD
[136] (characterized in Fig. 3.7) and in C2 myoblasts. This genomic DNA fragment was
isolated as it contained, and extended beyond, a well-conserved region between mouse
and human (Fig. 3.8). In each cell line, RGMc promoter activity was enhanced by ~35-
fold after induction of differentiation to levels ~10% of a myogenin promoter - reporter
plasmid, whose activity also was stimulated during differentiation (Fig. 3.9). In contrast,
neither promoter was active in 10T%: cells infected with Ad-p-gal and incubated in DM
(data not shown), providing further support for the idea that RGMc transcriptional

activity is up-regulated during muscle differentiation.

Mapping experiments were next performed with a series of 5’ promoter deletions to
define the DNA segments responsible for the transcriptional activity of RGMc during
muscle differentiation. Three major regions were identified in Ad-MyoD-infected 10T%2
myoblasts, based on a decline in luciferase activity when each segment was eliminated:
nucleotides -620 to -506, -136 to -110, and -110 to -88 (Fig. 3.10). Similar results were
observed in C2 cells, although the overall signal was lower (Fig. 3.10). In addition, more

detailed mapping of the region revealed similar trends (Fig. 3.11).
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As transcriptional regulatory elements may be found anywhere surrounding a gene, not
just 5° to the TSS, we tested other parts of the RGMc gene for the presence of additional
transcriptional control regions by cloning three genomic segments comprising ~ 7.5 kb of
RGMc chromosomal DNA into the RGMc promoter (-620 to +118) - luciferase reporter
plasmid (Fig. 3.12). In particular, a region of ~150 bps was well-conserved between
mouse and human (Fig. 3.12A), suggesting a possible novel regulatory element
downstream of the RGMc transcribed region. However, none of these DNA fragments
altered RGMc promoter activity prior to or after onset of muscle differentiation in Ad-
MyoD-infected 10T cells (Fig. 3.12C), indicating that no transcriptional enhancers or
repressors were located within or immediately 3’ to the RGMc structural gene.
Collectively, this suggests that within an ~12 kb locus surrounding the ~4kb mouse
RGMc gene, the major transcriptional regulatory elements are found within a region

smaller than a kilobase (Figs. 3.10-3.12).

3.4.4: ldentification of proximal promoter elements responsible for RGMc

transcriptional activity during muscle differentiation.

We introduced nucleotide substitutions into each of the DNA elements in the RGMc
promoter found to be functionally important for transcriptional activity during muscle
differentiation (Fig. 3.10). Additionally these mutations are based on conservation
among mammalian RGMc (Fig. 3.14) and sequences that represent putative transcription
factor binding sites from several computational algorithms (See section 3.3.13, Refs.
[145-148, 150]). Mutation of two putative E-boxes in the segment from -620 to -506 (a-
element, Figs. 3.13A and 3.14) resulted in a 50% decrease in luciferase activity in
differentiating Ad-MyoD 10T%: cells, and a 25% decline in C2 myoblasts (Fig. 3.13B),

while disruption of a putative MEF2 site from -110 to -88, (y-element, Fig. 3.13) caused a
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50% reduction in Ad-MyoD 10Tz cells, and a ~75% decrease in C2 myoblasts (Fig.
3.13B). By contrast, elimination of a potential Stat binding site [TTCN3GAA [165-167]]
and/or Ets element [GGA(A/T) [168-170]] in the segment from -136 to -110 (B-element,
Fig. 3.13), was less effective, and led to only a ~25% decline in reporter gene expression
in Ad-MyoD 10T cells, and had no effect in C2 myoblasts, although when combined
with mutation of the y region, RGMc promoter activity was decreased by ~90% in C2
cells (Fig. 3.13). Mutation of all three elements reduced reporter gene expression to basal
levels in both muscle cell lines, confirming that together these three sites are responsible
for the entire induction of RGMc promoter activity seen during skeletal muscle
differentiation. Comparison of sequences from several mammalian genomes reveals that
the E-boxes and MEF?2 sites are well-conserved among mammalian vertebrates, and that
the B-site, a putative Stat and/or Ets site, is less well-conserved but still present in most

mammals (Fig. 3.14).

As the y—element/MEF2-site appears to be a major regulatory element, we sought to
determine if it was physically bound by a MEF2 protein, as well as establish if the
neighboring B-site was bound by a transcription factor. The electrophoretic mobility shift
assay (EMSA, or ‘gel-shift’) was employed in order to determine the protein-DNA
interactions at these regions. A series of three overlapping, double-stranded
oligonucleotides (‘oligos’) with a 5’-infrared (IR) phosphoramidite-label (Fig. 3.15A)
were generated, along with high quality nuclear extracts (Fig. 3.15B, right). As a control
we turned to the well-characterized MEF2 site in the promoter of the mouse muscle
creatine kinase (MMCK) gene [171-174]. MEF2-1R-oligos incubated with nuclear
protein extracts from C2 cells (at tO and t48 hrs following addition of DM; Fig. 3.15C left
panel, lanes3 and 6, respectively) and 10T fibroblasts (lane 8, left panel) revealed a

gel-shift pattern similar to seen previously with the mMCK MEF2 site [171, 174]. This
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distinct doublet became more pronounced in C2 cells that have undergone differentiation
(compare lanes 3 and 6, left panel Fig. 3.15C), and may be competed off using an
unlabeled (‘cold’) MEF2-oligo using 1x (lane 4) or 10x (lanes 5, 7, and 9) molar ratio of
unlabeled to labeled oligo-probe. Furthermore, the gel-shift pattern with C2 nuclear
extract alone (Fig. 3.15C, right panel, lane 3) is abolished with 10x unlabeled MEF2
(lane 4, right panel), but not with 10x molar ratio of a non-specific probe to Oct-1 (Fig.
3.15C, right panel, lane 5). When compared to a probe for the y—element of RGMc (Fig.
3.15A, double-stranded oligo with ‘*’), a similar banding patter was seen with nuclear
extracts from differentiated C2 cells (Fig. 3.15D, lane 2) as was found in the MEF2 site
from the mMCK promoter (Fig. 3.15D, compare the RGMc probe in lane 2 to lanes 3-7,
mMCK). This suggests that the y—element of RGMc promoter is physically bound by a
member of the MEF2-family of transcription factors under conditions of muscle
differentiation, the time when RGMc is expressed (Fig. 3.5). In addition, conservation of
this element in other mammals (see Fig. 3.14) is highly suggestive that this element has
been important for the regulation of RGMc throughout the evolution of the gene, at least
in mammalian vertebrates (more about possible implications to RGMc in non-
mammalian vertebrates and other RGM family members discussed below). As binding
with other probes from the RGMc promoter was extremely weak and barely detectable,
we decided to utilize an overexpression system coupled to a promoter-reporter assay to
determine the effects of different transcription factor proteins at all three elements in the

RGMc promoter.

3.4.5: Over-expressed MEF2 and myogenin stimulate RGMc promoter activity in
mesenchymal stem cells.
Genes expressed in muscle are often regulated by transcription factors of the myogenic

basic helix-loop-helix (bHLH), as well as members of the MEF2-family of proteins. The
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bHLH transcription factors of the MyoD family (MyoD, myogenin, Myf5, and Mrf4) act
as central regulators in genes expressed during the formation of muscle in cell culture and
in vivo [175-177]. MyoD induces expression of the MEF2-family of transcription
factors, which synergize with MyoD to activate many muscle-specific genes. While
MEF2 has been shown to be important for the regulation of many muscle genes, it has
also been shown to control gene expression in non-muscle cells, where it collaborates
with other transcription factors [16]. Thus, the genes that are activated by MEF2 in
different cell types depend largely on the extracellular signaling and interactions with co-
factors [16, 138, 178, 179]. To directly test the role of MEF2 proteins and myogenic
bHLH transcription factors in regulating RGMc promoter function, we performed co-
transfection experiments in the 10T% mesenchymal stem cell line (Fig. 3.16A).
Constitutively active MEF2C (MEF2C-VP16) was able to boost the activity of the wild-
type RGMc promoter by ~10-fold compared with the empty vector control, and this
stimulation was lost after mutation of the MEF2 site (Fig. 3.16D). Myogenin was able to
increase wild-type RGMc promoter activity by > 20-fold compared to a vector control,
but this was reduced by only ~50% for the a-element mutant (Fig. 3.16B), possibly
because another conserved E-box is found at -53 to -48 (see Fig. 3.14). In contrast to
these observations, activity of the wild-type RGMc promoter was not induced by an
expression plasmid for constitutively active Stat5b (3.16C). Collectively, these results
suggest that the RGMc promoter in skeletal muscle is regulated by three elements, two of
which are regulated by a member of the bHLH family (e.g., myogenin) and MEF2 (e.g.,
MEF2C) at the a- and y-sites, respectively (summarized in Fig. 3.17, discussed in detail

below).

3.4.6: Liver-specific control elements in the RGMc promoter.

Regulation of genes expressed in the liver follow similar fundamental principles seen in
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muscle, but the transcriptional regulatory factors that bind are often unique to, or highly-
enriched, in the liver. While RGMc is most highly expressed in striated muscle (skeletal
and cardiac) and to a lesser degree in the liver ([1, 27, 29, 31, 33, 34] and Fig. 3.1), the
liver is currently recognized as an important mediator of iron homeostasis. Therefore, we
sought to determine the regulatory mechanisms that control RGMc expression in the liver
in addition to muscle. Mouse studies using an RGMc-targeted interruption knockout
(containing an expression marker) demonstrated that reporter expression appears to be
selectively localized to the periportal hepatocytes [1]. Developmentally, RGMc
expression occurs in the embryonic liver of mice at around 12.5dpc (days post
conception) [180]. Interestingly, the important y-element for RGMc expression in
muscle (a highly conserved MEF2 site) overlaps with a consensus site for the liver-
enriched transcription factor, hepatocyte nuclear factor (HNF)-4a, an orphan member of
the nuclear receptor family [181] with a paired zinc-finger domain [182]. More
importantly, HNF4a has been shown to be localized at two regions in the human
HJV/RGMc locus via chromatin immunoprecipitation followed by DNA sequencing
(ChIP-Seq) data (personal communications with, and data acquired by the author from
M.D. Wilson of the Odom laboratory, published in Ref. [183]). Furthermore, detailed
analysis by the author of microarray studies of a mouse knockout (KO) for HNF4a.
suggests that RGMc fails to be expressed in the knockout at any time during development
[184]. Given this preliminary data, I would postulate that this HNF4a consensus site, just
like the MEF2/ y-element in muscle, is a critical location for transcription factor binding,
co-factor recruitment, and subsequent expression of RGMc in the liver. Unfortunately, to
date there have been no examples of endogenous RGMc expression in any cell line.
Furthermore, my preliminary studies demonstrate that there is no RGMc reporter gene

activity in three unique cell lines tested (Fig. 3.18, detailed below).

The same promoter-reporter constructs used in the experiments to define regions that
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control RGMc expression in muscle were transfected into three different liver cell lines,
normal mouse liver cells (AML-12), and two human hepatoma cell lines (HepG2 and
Hep3B) (Fig. 3.18). As shown in figure 3.18, none of the RGMc promoter-reporter
constructs showed activity in AML-12, HepG2, and Hep3B cells, although mouse
insulin-like growth factor-11 (IGF-11) promoter 3 had robust expression, and a neutral
thymidine kinase (TK)-luciferase promoter had a basal level of activity (Fig. 3.18B).
Since RGMc mRNA could not be detected in these liver cell lines (data not shown), but
is present in adult liver (Fig.3.1C and Ref.[1]), | hypothesize that transcription factors
critical for RGMc gene expression are not provided by these cell lines. The leading
candidate, based on ChIP-Seq and microarray expression data from knockout mice (data

analysis of Refs. [183, 184]), is the liver-enriched transcription factor HNF4a.

It has been well-documented that liver cells in primary culture undergo an adaptation in
which the cells appear to “de-differentiate” and lose expression of many genes normally
expressed in vivo. Thus it is not entirely surprising that none of the liver cell lines used in
figure 3.18 show activity with the RGMc promoter constructs. For example, Clayton and
Darnell demonstrated that the **P-labeled mMRNAs dramatically decrease over the first 24
hours (e.g., albumin: 3-fold within the first 7 hours and >50-fold within 24 hours), but
that this time varied depending on the gene; however, most genes decreased expression
gradually over 140 hours [185]. To overcome this challenge I turned to primary
hepatocytes that were isolated and cultured as previously described [132-134] (overview
in Fig. 3.19). By isolating mRNA from primary hepatocytes in culture at intervals over
several days, followed by RT-PCR, | was able to determine when the steady-state levels
of RGMc began to decrease, and therefore empirically determine the “window of time”
for transfection of RGMc reporter constructs. As shown in figure 3.19C, the decrease in
RGMc expression in hepatocyte primary cell cultures is quite rapid with less than half of
the starting levels of mMRNA by 28 hours in culture, and virtually none by 148 hours. The
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kinetics of RGMc mRNA expression suggest that future experiments of transfecting
primary hepatocytes with RGMc promoter-reporter plasmids to map the functional
elements responsible for regulating RGMc gene transcription in the liver may be quite
challenging. Alternatively and independent of expression studies, DNA-protein
experiments using hepatocyte nuclear protein extracts for footprinting and ChIP (coupled
with the knowledge of ChlP-Seq studies already published in Ref. [183], and comments
in the ‘discussion’ section below) could illuminate the promoter elements that bind or
localize to the RGMc promoter. Furthermore, it would be quite useful to look at the
RGMc locus in primary hepatocytes in culture over time to determine if there is a
“maintenance signal” to keep the RGMc locus open and transcribed in the liver, or if the
decrease in RGMc expression in liver cell culture is due to loss of a critical transcription
factor as the cells adapt to culture conditions. Clearly, there is a great deal of
experimental work to be competed to fully understand the tissue-restricted mechanisms
that control the expression of RGMc. These data provide an insight into future

experiments discussed in more detail below.
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3.5: Discussion

Experiments presented in this chapter delineate the organization of the mouse RGMc
gene and define the mechanisms of RGMc gene regulation in skeletal muscle, and
provide future insight into experiments to determine the regulatory mechanisms of RGMc
expression in the liver. Key findings include the demonstration of alternative RNA
splicing between exons 1 and 2, which leads to expression of three distinct RGMc
transcripts that vary in the length of the 5> UTR in both striated muscle and liver.
Additionally, DNA elements in the RGMc promoter responsible for RGMc gene
expression in skeletal muscle were characterized. Comparative analysis of RGMc genes
from 10 mammalian species further reveals evidence that both differential RNA
processing and the muscle-specific promoter elements have been evolutionarily

conserved.

Placing the experimental data in the context of molecular evolution

Many genes undergo alternative RNA splicing [186-189], which can lead to transcripts
encoding different protein species [186, 190] or containing distinct regulatory properties,
such as differential stability or translatability [191]. The precise mechanisms that control
alternative splicing are complex and full understanding of splice-site selection remains
incomplete [187]. For RGMc the three mRNAs characterized here vary in the length of
the 5’ UTR, and appear to be expressed at relatively equivalent levels in muscle and liver.
Further studies will be needed to define any distinctive functional properties for each
transcript, such as control by cellular iron levels of either RNA stability or translatability

(addressed in chapter 4 of this dissertation).
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Like several other genes that are expressed in differentiating skeletal myoblasts, RGMc
gene transcription is controlled by a combinatorial interplay of muscle-restricted and
more broadly expressed transcription factors, many of which are evolutionarily ancient
(Fig. 3.22), including members of the myogenic basic helix-loop-helix (bHLH) family,
which includes Myf-5, MyoD, myogenin, and MRF-4 [175-177], and the MEF2-family,
MEF2A - D [16, 138]. MEF2C has been shown to be directly activated by and to
cooperate with myogenic bHLH proteins during muscle differentiation in vitro [192], and
during skeletal muscle development in vivo [193]. Our results demonstrate that a set of
paired E-boxes (a-element) and a MEF2 site (y-element) are important for RGMc
promoter activity in muscle cells, and suggest that myogenin and MEF2C may be the key
transcription factors acting at these sites (Fig. 3.17). We also have identified a third
region in the proximal RGMc promoter, termed the B-element, that also is necessary for
full transcriptional activity in differentiating muscle cells, but have not yet defined the
responsible transcription factors (Fig. 3.17). Leading candidates include members of the
Stat and Ets families, although our preliminary studies rule out Stat5b (Fig. 3.16C). Both
Stat3 and several Ets factors will need to be tested, as each have been shown to positively

regulate a number of genes expressed during muscle differentiation [194-196].

Besides being produced in skeletal muscle, RGMc is also expressed in cardiac muscle
and in hepatocytes (Fig. 3.1, and Ref. [1, 27, 30, 31, 33, 41]). To our knowledge there
are no other genes that exhibit a pattern of gene expression that is restricted to just
striated muscle and the liver, placing RGMc in a unique position to provide insight into
multiple tissue-specific regulatory mechanisms, as well as potential control of whole-

body iron metabolism. In this regard, preliminary experiments have shown that the
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RGMc promoter fragments identified here are active in skeletal muscle, but are not
functional in several liver cell lines (Fig. 3.18), even though a putative binding site for
the liver-enriched HNF4a transcription factor is found in the proximal RGMc promoter,
and ChIP-Seq data suggest that HNF4a is enriched at the human HIJV/RGMc locus in
two places (one is at the promoter region; personal communications with, and data from
M.D. Wilson of the Odom laboratory, published in Ref. [183])). Further studies will be
needed to identify the control elements responsible for RGMc transcription in cardiac
muscle and hepatocytes, and to define other regulatory mechanisms, including
determining whether or not cellular iron levels influence RGMc gene expression (see
chapter 4 of this dissertation). For example, transgenic studies with mutations in the
three elements defined here could provide insight into any tissue-specific actions of
RGMc, including the possible source of soluble RGMc, which has been detected in the
extra-cellular fluid of cultured cells, and in blood [34, 67-72], and has suggested to be a

critical regulator of hepcidin gene expression [66, 77-79], and thus iron metabolism.

The results presented in this chapter represent the first detailed analysis of promoter
function of any member of the RGM family. As both RGMa and RGMb have completely
different profiles of gene expression than RGMc, being produced in distinct parts of the
central nervous system, and not in muscle or liver [27-30, 32, 33], it is likely that the
critical transcriptional control elements will be different. However, comparative genomic
analysis of RGMa and RGMb genes indicates the presence of several well conserved E-
boxes and MEF2 sites in their putative promoters (Fig. 3.23B), which could be regulated
by neuronal specific bHLH proteins such as N-twist [197] in conjunction with MEF2
family members (shown in Fig. 3.23B as a “critical site X (in green), but this could be

any transcription factor binding site that confers tissue-specificity to each RGM family
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member). Future studies will be needed to define the specific mechanisms of regulation

of RGMa and RGMb gene transcription.

RGMc is expressed in several vertebrates ranging from mice to zebrafish [30, 31, 41,
152], but an ortholog has not been found in avian species to date [152]. A bioinformatic
analysis of the RGMc locus in zebrafish reveals several E-boxes, MEF2 sites, Ets/Stat
elements (Fig. 3.21), additional stretches of DNA that are conserved between mouse and
zebrafish (Fig. 3.23A), and that the putative transcription factors that regulate these
elements (i.e., bHLH and MADS-box [MEF2] families) arose early in evolution (Fig.
3.22), suggesting that the promoter is evolutionarily ancient in vertebrates in which
RGMc is expressed in muscle. In addition, a single RGM gene has been identified based
on genomic data [35, 152], with the strongest evidence being present in the sea squirt,
Ciona intestinalis. Interestingly, the single RGM in Ciona appears to be a 4 exon gene
with numerous MEF2, E-box, and Stat/Ets-sites surrounding the putative promoter (Fig.
3.21). For example, a transgenic Ciona with the mouse RGMc promoter fully intact
versus a promoter with mutations of the three elements defined in this chapter
(summarized in Fig. 3.17) could shed light on the evolutionary origins of the RGM
family of genes. Whether Ciona RGM is expressed in muscle or is specific to the
developing embryo or the adult organism is not known at this time. Understanding the
regulatory mechanisms of expression of the three RGMs in vertebrates and the single
RGM in a model organism like Ciona will help provide a full appreciation of the
evolutionary history of the entire RGM family and help discern how each member

acquired its distinct tissue-specific regulatory modules.
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Additional mechanisms of requlation

Gene expression requires a series of tightly regulated steps that often involves a
combination of complex modifications at the gene locus. This includes (i) direct binding
of transcription factors to the DNA (which has been the primary focus of this chapter),
usually in a combinatorial nature, (ii) possible modifications to the chromatin, the
complex assembly of DNA, histones, and additional proteins that may bind to the
complex, as well as (iii) influences that arise from apparently distal locations; however,
the order in which these events occur is still unclear. Furthermore, once the nascent
transcript is synthesized, a large number of post-transcriptional processes may act to
regulate gene expression (which will be discussed in more detail in chapter 4).
Transcriptional regulators must overcome the chromatin barrier to gain access to their

sites and affect transcription [198].

The related transcriptional co-activators CBP and p300 (63% identical) [199] have been
shown to interact with many of the same transcription factors, but gene knockout studies
demonstrate that they regulate different events in development [200]. For example, both
CBP and p300 have been found to interact with the sequence-specific transcription
factors MEF2 and MyoD [201] in muscle, and promote transcription of the genes with
which they are localized by altering the chromatin structure through intrinsic or recruited
histone acetyltransferase (HAT) activity. In muscle, p300 is more enriched than CBP

[201] and has been shown to activate MyoD through acetylation [202].

The well-described p38-MAPK pathway is used in numerous genes expressed during
muscle development, but there are differing views as to the exact order or recruitment.
Puri and colleagues suggested that blocking p38 repressed the recruitment of the

SWI/SNF complex, but did not affect the chromatin binding of muscle-regulatory factors
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and HAT’s to those promoters [203, 204]. In contrast, Tapscott and colleagues
demonstrate that the SWI/SNF complex (including ATPase Brgl) can be found at the
locus of the same genes, and that in the absence of functional SWI/SNF enzymes, the
same muscle-regulatory proteins did not bind [205]. | would postulate that this assembly
is a possible regulatory mechanism of RGMc regulation as co-activators such as p300
and chromatin-remodeling enzymes such as the SWI/SNF complex are recruited to the
myogenin promoter, another gene expressed early in muscle differentiation with similar
kinetics as RGMc (Fig. 3.5B and D). CBP and p300 have both been shown to interact
with MEF2, HNF4a, and members of the Stat and Ets families of transcription factors,
adding another possible regulatory mechanism for RGMc. For example, recruitment of
co-activator complexes is also essential in the regulation of genes expressed in the liver,
and CBP has been shown to acetylate HNF4a at several lysine residues that are
absolutely required for the nuclear retention of the transcription factor [206].
Furthermore, subsequent DNA-binding and transcriptional activity of HNF4a requires
the CBP protein [207], however p300 also increases its activity [208] . In contrast,
HNF4a has also been associated with HDACs and subsequent gene repression [208], but
this association would require HNF4a activation for proper nuclear localization. I would
hypothesize that if MEF2 and MyoD are the factors required for RGMc transcription in
muscle (as the co-expression experiments in Fig. 3.16 would imply), and HNF4a is
required in the liver (as ChlP-Seq [183] and knockout array data [184] would suggest),
then the transcriptional co-activators p300 and/or CBP should also be present at the locus
in both tissues. Furthermore, if these co-activators are present, then additional
chromatin-remodeling molecules, e.g., the SWI/SNF complex, are likely to play an
important role in RGMc regulation. As evidenced from above, a great deal of
experimental work is needed to elucidate the signaling pathways and downstream affects

that regulate the activation of RGMc expression.
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In contrast to co-activators, co-repressors have been found to associate with muscle-
specific transcription factors. For example, class 11 histone deacetylases (HDACS), such
as HDAC-4 and -5, which are enriched in the brain, heart, and skeletal muscle [209],
have been found to bind to MEF2, repressing MEF2-dependent gene activation [210].
For example, methylation of core histones H3K9 and H3K27 by the histone
methyltransferases (HMTs) Suv39h1 and E(z) (member of the polycomb group using the
Ezh2 recognition module), respectively, are associated with gene repression (reviewed in
[11]). Furthermore, five “highly-enriched CpG-islands” within a 40 kb stretch of the
mouse RGMc locus (Table 3.2) can be found computationally, creating another possible
mechanism to keep RGMc off in tissues that do not express the gene. | would
hypothesize that the enriched CpG islands around the RGMc locus may be heavily
methylated in tissues that do not express RGMc, and unmethylated in striated muscle and
the liver. While the overexpression of these HMTs has been shown to inhibit muscle

differentiation [211, 212], their roles in vivo remains uncertain.

The overlying theme throughout this dissertation is that of evolution being able to
provide insight into the understanding of gene families and subsequent regulation of gene
expression and function. The critical assumption is that regions of the genome that have
been well-conserved across sufficient evolutionary distance are more likely to be
functionally important. While there is a counter example where ultra-conserved regions
(defined as regions that show 100% identity over >200 bps between human, mouse and
rat genomes [213]) were deleted in transgenic mice with little to no appreciable
phenotype [214], there are numerous examples where conservation over a sufficient
evolutionary distance provides critical insight into gene function. It is here that | would
like to introduce the concept of ‘Promoter Synteny,” also called co-linear alignment of

‘conserved non-coding elements’ (CNEs) [215].
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The concept of promoter synteny

In chapter 2, | discussed the molecular evolution of the RGM family using not only DNA
sequence data, but location and structure of the genomic loci across multiple species to
infer evolutionary relatedness. This method assumes that the genomes are still similar
enough that it is possible to align the majority of orthologous sequence at the DNA level
yet distant enough that a great deal of variation has had the opportunity to accumulate
[216]. By analogy, we can exploit the concept that evolution uses a modular gene
organization [15-17] for a series of conserved genomic islands rafting in a sea of genomic
change in order to identify features protected from variation by natural selection [36],
which have a higher probability of being functionally important. As noted above, all
three RGM family members in mouse contain a putative MEF2 site (Fig. 3.23, red with
green outline) based on sequence alone (see figure legend 3.21 for sequence). The
primary challenge at this time is that only the promoter of RGMc has been characterized,
and although a MEF2 site may be found in RGMa and RGMD, the sites are ~1 kb from
the predicted transcription start site; the functional relevance of the MEF2 sites in RGMa
and RGMb are unknown, as neither of their repective promoters have been characterized
to date. Understanding the full spectrum of gene family evolution, and expanding this
concept to full genome evolution requires comparing modern genomes with ancestral
genomes, which thus necessitates the reconstruction of those ancestral genes and

genomes [36, 215], and even ancestral proteins to understand function [86, 217, 218].

Since the RGM family of genes have a non-overlapping pattern of expression, the
concept that a common transcription factor binding site would at first seem counter-
intuitive. However, MEF2 has been shown to interact with a large number of
transcription factors, many of which are tissue-specific. For example, hypothetical
transcription factors binding sites in the promoters of RGM family members that help to
confer tissue-restricted expression of the individual RGM family members are shown in
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figure 3.23 (yellow with a green outline). Theoretically, this model supports the concept
of ‘Modular Gene Organization’ [15-17] in which the ancestral RGM contains a MEF2
site that is bound and regulated by an evolutionarily ancient MADS-box transcription
factor (see Fig. 3.22 and Ref. [219]). Following gene duplication, the individual RGM
family members may have used an additional binding site (yellow/green) in addition to
the MEF2 site to confer the tissue-restricted pattern of expression seen in modern
vertebrates that express the three RGM family members. If this hypothesis is correct, it
would suggest that the evolutionarily ancient MEF2 trancription factor and TFBS are
essential for all RGM family members, from human to zebrafish to sea squirt Ciona, and
may shed light on the ancestral function of the gene family. This would be particularly
strong evidence as the tissue-specific transcriptional regulation of many genes has
diverged significantly between human and mouse [220], although it appears that this is
highly dependent on the individual genes and gene families being analyzed. While some
initial efforts have been made to characterize the natural selection process in promoters
[14, 18, 221], clearly, in order to understand the molecular evolution of the regulation of
gene families, like the RGM family, the promoters of all the family members must be
characterized fully. Generating hypotheses about other family members from well-
characterized promoter studies should provide a foundation for more complex studies and
expedite the process. Data presented in this dissertation should provide a framework for
a full-understanding of the evolution of the RGM family and its mechanisms of

regulation.
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Table 3.1: Primers used for RT-PCR

Product
Gene Location DNA Sequence (bp)
Total RNA RGMc Exon 3 5' GCACGGTCGAGCCCCGGGCT 282
Exon 4a 5' GAACCATCTTCAAAGGCTGCAGGAAG
myogenin Exon 1 5> GGGGACCCCTGAGCATTGTCC 612
Exon 3 5> TGGACATCAGGACAGCCCCAC
MEF2C Exon 5 5' CCCAGTGTCCAGCCATAACAG 344
Exon 8 5' CAGGTGGGATAAGAACGCGG
MyoD Exon 1 5' TACAGTGGCGACTCAGATGC 312
Exon 3 5' CTGGGTTCCCTGTTCTGTGT
Myosin heavy
chain Exons 37-38 5' TCAGAAACTGGAGACACGGATCAGA 351
Exon 40 5' AGAGGTGAAGTCACGGGTCTTTGCC
Muscle
creatine kinase Exon 7 5' CATGTGGAACGAGCACCTGG 333
Exon 8 5' TACTTCTGCGCGGGGATCAT
S17 Exon 2 5' ATCCCCAGCAAGAAGCTTCGGAACA 302
Exon 5 5' TATGGCATAACAGATTAAACAGCTC
Nuclear RNA | RGMc Exon la 5' GGCTGGAGCAGACCAACAGAATAG 212
Intron 1 5' CAAGAGGAAAAGTGAAGACTGGGG
myogenin Exon 1 5' GGGGACCCCTGAGCATTGTCC 408
Intron 1 5' CCAAGGGCCCTGCTTTGCACC
S17 Exon 2 5' ATCCCCAGCAAGAAGCTTCGGAACA 439
Intron 2 5' GCCGTCACCAGCCCTCCTCCG
TSS Mapping | Exon 2 Rev +1289: +1308 5 CCCAGATGATGAGCCTCCTA
| -34:-15 5' CCAACCATATACTCTCCCTC
| -20: -1 5' TCCCTCCCCCCTCCCCCCAC
1l -5:+18 5' CCCACACCAAACCTCCTCTG
v +7 . +26 5' CCTCCTCTGGCTCTCTGACC
Vv +20 : +39 5' TCTGACCTGAGTGAGACTGC
VI +35: +54 5' ACTGCAGCCATTCCGGGGCA
5'RACE Exon 2 Rev +1289 : +1308 5 CCCAGATGATGAGCCTCCTA
Exon 4b Rev +2961 : +2980 5 TTCAAAGGCTGCAGGAAGAT
Exon 1b Rev +137 : +157 5' TTCCCGAGGTCAAGCATTACT
Exon 1c Rev +110: +130 5' CTGGGTTCTCGAGCCATAGTT
5'RACE
Poly(dT) — 5' GACTCGAGTCGACATCGA(dT)17
5'RACE
Adaptor -- 5' GACTCGAGTCGACATCG
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Table 3.2: Islands of unusually high CG-composition at the RGMc locus

CpG-enriched site Start Sequence End Sequence Length
I -10489 -10219 271

I -4665 -4567 99

1l -578 -513 66

v +1470 +1522 53

V (intron 2 & exon 3) | +1859 +2281 423

Sequence numbering relative to RGMc transcription start site in the mouse.

“Islands of unusually high CG composition” is defined by the (expected/observed ratio) via ‘CpG Plot’
(Ref. [151], from the European Bioinformatics Institute) of a 40 kb locus surrounding RGMc in the mouse.
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Figure 3.1: Patterns of RGMc expression in the embryo and adult. in situ
hybridization of RGMc mRNA from embryos of mouse, A from Ref. [31] (Kuninger,
2004), and zebrafish, B acquired via Ref. [41] (Sprague, 2006), at times of development
indicated (e = embryonic day; hpf = hours post-fertilization). C. RGMc mRNA is
expressed in striated muscle and in the liver from an adult (3 mo.) male C57-BI6 mouse.
Results of RT-PCR experiments for RGMc and S17 mRNAs using RNA from mouse
tissues (Sk, skeletal muscle (gastrocnemius); Li, liver; K, kidney; Ht, heart; Lu, lung; St,

stomach; Br, brain).
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Figure 3.2: Establishing mouse RGMc gene structure. A. Mapping the 5’ end of the
mouse RGMc gene by 5 RACE using mouse skeletal muscle RNA. The number of
clones is graphed on the y-axis above the corresponding location of the 5’ residue on the
x-axis. The putative transcription start site is denoted as +1 (arrowhead), with exon 1 in
upper case letters. A potential TATA box is labeled, and primers Il - IV used in (C) are
indicated below the sequence. B. Mapping the 5’ end of the mouse RGMc gene by RT-
PCR with cDNA from mouse skeletal muscle RNA and overlapping PCR primers located
in different parts of RGMc exon 1, as seen on the gene map to the left (see Table 3.1 for
DNA sequences of primers). Exons 1 and 2 are depicted as boxes, with the 5> UTR in
gray and the protein coding region in black, and introns and flanking DNA as horizontal
lines. Results are seen to the right, and molecular weight markers are indicated (see Fig.
3.3A for results with heart and liver RNA). In addition to mapping the 5* end of exon 1,
the results also show that alternative RNA splicing occurs between exons 1 and 2. C.
DNA sequence of the junction between intron 1 and exon 2 of the mouse RGMc gene.
Exon 2 is in upper case letters; the locations of alternative RNA splicing are noted by
chevrons, with the —AG splice-acceptor residues underlined. D. Organization of the
mouse RGMc gene and mRNAs. The gene contains 4 exons (boxes) and three introns
(thin lines). The transcription start site is denoted as a bent arrow, and the
polyadenylation site as a vertical arrow. The three RGMc mRNAs are diagramed below,

and result from use of alternative splice acceptor sites at the 5’ end of exon 2.
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Figure 3.3. Alternative RNA splicing involving RGMc exon 2 occurs in heart and
liver, and the DNA sequences are conserved among mammalian species. A. Top -
Map of RGMc exons 1 and 2, showing locations of primers for RT-PCR experiments
below. Exons are depicted as boxes, with the 5° UTR in gray, and protein coding

sequence in black. Bottom - Results of RT-PCR experiments with heart and liver RNA,;

molecular weight markers are to the right. Below is shown the results of a test of each
primer pair with genomic DNA. B. Alignment of genomic sequences from 10
mammalian species in the region 5’ to RGMc exon 2. Intron 1 is in lower case and exon
2 in upper case, with mouse exon 2 highlighted as follows: the splice acceptor site that
creates 174-nt exon 2 is in black, the additional 18-nt that creates the 192-nt variant is in
dark gray, and the additional 77-nt found in the 251-nt variant is in light gray. Also see
GenBank accession number A1196626, which shows an EST containing the 192-nt

RGMc exon 2 in mouse, and DA762328 and DA764726, which contain similar data for

human RGMc.
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Figure 3.4. Size distribution of UTRs in eukaryotes. A. Summary of data from Ref.
[154] (Kozak, 1987) of the 5’ untranslated region (UTR) length from 346 mRNAs for
which the transcription start site has been mapped. For genes with multiple transcripts,
only the longest UTR was scored. The range of UTR size is listed on the x-axis and
number of mMRNAs found within that range on the y-axis. B. Graphical summary of
genomics data from Ref. [155] (Pesole, 2001) representing the range of 5” and 3° UTRs
from several eukaryotic genomes. Range of UTR sizes is indicated on a logarithmic
scale, y-axis, with the average length indicated with a triangle. For both A. and B., the

range of 5’UTR length of RGMc mRNAs (from figs. 3.2 and 3.3) are depicted in red.
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Figure 3.5. RGMc gene transcription is induced during skeletal muscle
differentiation. A. Myotube formation occurs during C2 myoblast differentiation, as
illustrated by phase contrast images (200X magnification) at confluent cell density (O hr)
and after incubation in DM for 48 hr. Scale bar is 250 um. B. Time course of gene
expression for RGMc, myogenin, MEF2C, MyoD, myosin heavy chain (MHC), muscle
creatine kinase (MCK), and S17 during C2 myaoblast differentiation measured by RT-
PCR. C. Diagram of the method for obtaining levels of nascent transcription. Briefly,
cells were harvested at time points indicated and the nuclear fraction was isolated via
centrifugation. Nascent RNA transcripts were subsequently isolated from the nuclei,
followed by semi-quantitative RT-PCR using intron-exon primer pairs. See Experimental
Procedures for detailed information. D. Time course of RGMc, myogenin, and S17 gene
transcription during C2 myoblast differentiation, as measured by accumulation of nascent
nuclear transcripts. Gene maps are to the right, and show approximate locations of
intron-exon primer pairs (see Table 3.1 for DNA sequences of primers). Exons appear as

black boxes (exon sizes are not to scale).
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Figure 3.6. mRNA half-life of genes in differentiating C2 myoblasts. Measurement of the
half-life of mMRNA of RGMc, myogenin, MyoD, MEF2C, and S17 genes in C2
myoblasts. A. Experimental protocol. C2 cells grown to confluent cell density were
incubated in DM for 48 hr followed by treatment with the transcription elongation
inhibitor DRB (75 uM) in DM. Cells were harvested for mRNA at times indicated and
subjected to RT-PCR to obtain the mRNA decay rate. B. Representative mRNA decay
results of RT-PCR of the approximate midpoint of the linear-phase of amplification from
two independent experiments. C. Graph showing the densitometry results of two
independent biological experiments in relation to a mechanistic model of mMRNA decay
using non-linear regression fit to a one-phase decay equation: Y = Yo ee™*™. Values at
time O hrs set to 1.0, and all other results normalized to this value. D. Table showing
estimated half-life derived from non-linear curves in C, as well as the 95% confidence
interval and R-squared value for data on each curve. The half-lives for MEF2C and S17
are listed as greater than 10 hours, as the t% is beyond the limits of the experiment (due to
cell death from transcriptional inhibition at 24 hours). See ‘Experimental Procedures’

for details.
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Figure 3.7. A robust model for muscle differentiation: expression of RGMc in cells
infected with adenovirus expressing the muscle-specific transcription factor MyoD.
Mouse mesenchymal C3H:10T¥z cells are infected with adenovirus expressing MyoD, or
—gal control, and induced to differentiate into the myoblast lineage under low serum
conditions. Cells that proceed toward the muscle-lineage express RGMc whereas those
cells that become fibroblasts do not. A. Experimental protocol for muscle differentiation.
Details may be found in ‘experimental methods.” B. RT-PCR from total mRNA isolated
from 10T% cells infected with Ad:MyoD or Ad:p—gal, and amplified using RGMc or
ribosomal S17 primers. C. Immunocytochemistry of 10T% cells infected with
Ad:MyoD or Ad:p—gal and stained for myosin heavy chain (red) and Hoechst 33258
nuclear dye (blue). Data from Ref. [31] (Kuninger, 2004). Myotube formation and in
Ad:MyoD-10T%: cells with RGMc expression occuring during myoblast differentiation,
as illustrated by D. phase contrast microscopy (200X magnification) at confluent cell
density (0 hr) and after incubation in DM for 24 hr (Scale bar is 250 um) and E. via
western blot of myogenin, MEF2, MyoD, and a-tubulin from whole cell extracts as

described in [136].
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Figure 3.8. Genomic conservation of RGMc/HJV locus between mouse and human.
Comparing the RGMc genomic sequence of mouse, Mus musculus, to human, Homo
sapiens, (from Feb. 2006). A. Percent conservation of the RGMc locus derived from the
Comparative Genomics Center at Lawrence Livermore National Laboratory. Graph
shows percent conservation over a sliding window of 100 bps, y-axis, over the RGMc
locus, x-axis. Four exons for RGMc are shown as boxes above the graph, with the
following color scheme: non-coding/untranslated sequence in yellow, translated regions
shaded blue, intronic regions in salmon, with conserved (>50%) intergenic regions shown
in red, and repetitive elements in green and shaded gray. Scale bar is approximately 1 kb
of sequence. Regions below 50% conservation are not shown. B. Percent conservation
upstream of the transcription start site (TSS) broken into regions of ~5 kb (out to 15 kb
upstream of the TSS), ~1 kb, and ~100 base pairs. Below the percentage is the number of
nucleotides by which the alignment was calculated as well as the % of gaps (and number
of gaps over total sequence) for that region. Alignment created using the EMBOSS
Needleman-Wunsch (GLOBAL) alignment algorithm utilizing the EDNAFULL
substitution matrix from the European Bioinformatics institute (EBI) with a Gap Penalty

of 10.0 and Extension Penalty of 0.5.

130



100%

75%

% Conservation

50%

[] = UTR (non-coding)
N - T, region (coding)

Exon 1

Exon 2

LN

Exon 3

Exon 4

1

1.0kb

= Intronic region - |
. Mus musculus H. sapiens
= Conserved Intergenic Element
E = Revelilive Element Generated using the Comparative Genomics Center at
Lawrence Livermore Mational Laberatory, |. Ovcharenko
B Exon: 1 ; 2 E
e fe <
s 0, 0,
Identity: 41.7% 41.0% 43.9%
Length: 6509 () 6502 fresy 6363
Gaps: 46.4% 46.2% 42.8%
J— ~5000bp’s
5,000 bp’s
1kb »le »le »le <
>t > >t <
35.6% 40.3% 40.2% 39.2% 56.8%
1373 joea 1311 gy 1325 ey 1326 e 1170wy
54.3% 47.4% 49.1% 49.2% 29.1%
(rasfians js2rtany) frovive st jsaaisny
< kb
. 1,000 bp’s K
L "1
= 100 bp'" »l > > > Ll > > > > >
36.3% 5.9% 39.7% 63.7% 65.1% l 53.8% 48.7% 55.9% 55.5% 70.8%
135 ne 186 itz 131 e 113 (s 109 (s 117 inew 119 ey 118 v 119rra 113 (s
51.9% 92.5% 47.3% 23.0% 16.5% 29.1% 31.9% 30.5% 31.8% 23.0%
[0ji35) (1737325 e (ref13) (s8yi08) 4113y Jaass) (36113 aass) [y

131



Figure 3.9. RGMc promoter activity is induced during muscle differentiation.
Results of luciferase assays in differentiating Ad-MyoD-10T% cells and C2 myoblasts
that were transiently transfected with reporter genes containing the minimal thymidine
kinase (TK) promoter, the mouse myogenin promoter, or the mouse RGMc promoter
(coordinates -4204/+118), and incubated in DM for O (white bars), or 24 or 48 hr (gray
bars). The graphs summarize results of >3 independent experiments (mean + S.E.), each
performed in duplicate (* - p < 0.05, ** - p < 0.005 vs. t 0). Myogenin promoter values
at t 0 have been set to 100 in each graph (average measurements at t 0 were 7.8 x 10*

(Ad-MyoD-10T¥: cells) or 7.3 x10% (C2 cells) relative light units/ug total protein/sec).
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Figure 3.10. Mapping regions of the RGMc promoter that activate gene
transcription during muscle differentiation. The graphs show results of luciferase
assays (mean = S.E. of 3 - 5 independent experiments each performed in duplicate) in
differentiating Ad-MyoD-10T%% cells (left panel) and C2 myaoblasts (right panel)
transiently transfected with reporter genes containing a series of 5’ truncations of the
mouse RGMc promoter. Cells were incubated in DM for 0 (white bars), or 24 or 48 hr

(gray bars) before analysis (* - p < 0.05, ** - p < 0.005).
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Figure 3.11. Detailed mapping of mouse RGMc promoter elements in
differentiating muscle cells. The graphs show results of luciferase assays in
differentiating Ad-MyoD-10T%: cells (A) and C2 myaoblasts (B) transiently transfected
with reporter genes containing different 5’ truncations of the mouse RGMc promoter.
Cells were incubated in DM for 0 (white bars), or 24 or 48 hr (gray bars) before analysis
(mean = S.E. of > 3 independent experiments, each in duplicate, except the single

experiment with -790/+118 construct in 10TY2 cells).
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Figure 3.12. Analyzing the RGMc gene for potential transcriptional enhancers. A.
Percent conservation of the RGMc locus between mouse RGMc and human HJV derived
from the Comparative Genomics Center at Lawrence Livermore National Laboratory.
The graph shows percent conservation as a ‘Pip-plot’, whereby horizontal length of the
line corresponds to the length of the alignment and includes alignment gaps, x-axis, while
its y-axis corresponds to the percent identity for that segment between mouse and human.
RGMc exons are shown as boxes above the graph, with the following color scheme: non-
coding/untranslated sequence in yellow, translated regions shaded blue, intronic regions
in salmon, with conserved (>50%) intergenic regions shown in red, and repetitive
elements in green and shaded gray. Scale bar is approximately 4 kb of sequence.
Regions below 50% conservation are not shown. B. Map of mouse RGMc gene showing
regions that were fused downstream of firefly luciferase (Luc) and the RGMc promoter
(coordinates -620 to +118) to test for enhancer activity in differentiating Ad-MyoD-10T%2
cells. C. Graphs depict results of luciferase assays after incubation in DM for 0 (white
bars) or 24 hr (gray bars) (mean £ S.E. of 3 experiments, each performed in duplicate;
values for the RGMc promoter at 24 hr were set to 100 (* - p <0.01, ** - p < 0.001, vs. t
0).
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Figure 3.13. Characterizing promoter elements that control RGMc gene
transcription during muscle differentiation. A. Changes via site-directed mutagenesis
to the RGMc promoter are grouped as following: the a-site as a set of paired E-boxes, the
[-site at a putative stat and/or ets element, y-Site is a MEF2 element. Wild-type (WT)
sequence is listed above each region as well as the mutated nucleotides below (Mut) in
bold and italics. B. Results are depicted of luciferase assays in differentiating Ad-MyoD-
10TY cells (left panel) and C2 myoblasts (right panel) transiently transfected with
reporter genes containing substitution mutations of the mouse RGMc promoter
(illustrated on the maps to the far left; details including full primer sequences are in
‘Experimental Procedures’). Cells were incubated in DM for 0 (white bars), or 24 or 48
hr (gray bars) before analysis. The graphs depict results of 3 - 10 independent
experiments (mean = S.E.), each performed in duplicate (* - p < 0.05, ** - p < 0.001, vs. t

0).
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Figure 3.14. Comparative mapping of RGMc promoter elements from different
species. DNA sequence alignment of part of the proximal RGMc promoter from 8
mammalian species. Highlighted regions include paired E-boxes at -588 to -583 and -514
to -509 (a-site), the B-site from -120 to -110, and the vy site, a putative MEF2 element,
from -98 to -85. Another E-box also is indicated. Mouse exon 1 is in upper case and

bold letters.
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Figure 3.15. Binding of the y-element by nuclear protein extracts. Preliminary
electrophoretic mobility shift assays (EMSA) to define the protein-DNA interactions at
the RGMc promoter. Probe with the asterisk, ‘*’, is shown in part (D), with other probes
showing a low level of binding (data not shown). A. Schematic overview of the main
elements (red) of the RGMc proximal promoter and relative position of the double-
stranded oligos used in the preliminary EMSA assays. Regions that showed a drop in
promoter activity (see Fig. 3.10 and 3.13) are labeled as Il and 111, with approximate
locations of three oligos that span the region positioned below. Infrared (IR)
phosphoramidite-labels are shown as spheres at the 5 end of the oligo, with the 3” end
depicted as a ‘closed arrowhead.” B. Purity of the nuclear extracts. Western blots of Akt
(Pan Akt; Cell Signaling #9272, Rb Poly) and CREB (Upstate UBI 06-863, Rb Poly)
from (25 pg) cytoplasmic and (5 pg) nuclear fractions following nuclear extraction of C2
cells at t0 and t48 hrs in DM, and 10T fibroblast cells. See ‘experimental procedures’
for details of high salt extraction. C. Results of gel-mobility shift assays using infrared
(IR)-labeled double-stranded oligonucleotides for MEF2 control element in the mouse
muscle creatine kinase (MMCK) promoter. (Left) MEF2-IR-oligos with nuclear protein
extracts from C2 cells at t0 and t48 hrs DM (lanes3 and 6, respectively) and 10T%
fibroblasts (lane 8). This distinct doublet is more pronounced in C2 cells that have
undergone differentiation (compare lanes 3 and 6), and may be competed off using an
unlabeled (‘cold’) MEF2-oligo using 1x (lane 4) or 10x (lanes 5, 7, and 9) molar ratio of
unlabeled to labeled probe. (Right) IR-labeled MEF2 probe with C2 nuclear extract alone
(lane 3), with 10x unlabeled MEF2 (lane 4), and 10x non-specific (ns; Octl) probe (lane
5). D. Comparing the MEF2 site in the RGMc gamma element (lanes 1 and 2, probe with
asterisk “*’ in (A)) versus mMCK MEF2 site (lanes 3-7). The banding pattern of the
RGMc probe with a MEF2 site is similar to the MEF2 site found in the mMCK promoter
(compare lanes 2 and 5). NS = non-specific (Octl) unlabeled double-stranded oligo
probe.
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Figure 3.16. Stimulation of RGMc promoter activity by myogenin and MEF2C.
Effects of myogenin (B), stat5b (C), or MEF2C (D) on the activity of wild-type (wt) or
mutant (depicted as an X) RGMc promoters in 10TY2 fibroblasts. A. Conceptual
overview of co-expression experiments, adapted from [4] (Lodish, 2000). B. Results of
luciferase assays after co-transfection of a myogenin or EGFP (vector) expression
plasmid with either wt RGMc promoter, the a-mutant, or 4xE-box-Luciferase control
plasmid. C. Results of luciferase assays after co-transfection of a constitutively active
STAT5b or pcDNA3 (vector) expression plasmid with either wt RGMc promoter, the j3-
mutant, or IGF-1 HS-7 luciferase control plasmid demonstrating that the RGMc promoter
IS not repsonsive to STATSh. D. Results of luciferase assays after co-transfection with an
expression plasmid for constitutively active MEF2C (MEF2C-VP16) or pcDNA3
(vector) and either wt RGMc promoter or the y-mutant. For B through D the graphs
represents results of 3 independent experiments (mean £ S.E.), each performed in

duplicate (* - p < 0.05, ** - p < 0.005).
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Figure 3.17. Model of the RGMc promoter in skeletal muscle. The proximal RGMc
promoter used during muscle differentiation contains 3 core DNA regions which include
paired E-boxes at -588 to -583 and -514 to -509 (a.-site), the B-site from -120 to -110, and
the vy site, a MEF2 element, from -98 to -85. Another conserved E-box also is found at -
53 to -48 (See fig. 3.14). The transcription start site (TSS) is denoted as a bent arrow.
The a-sites appear to be regulated by transcription factors of the basic-helix-loop-helix
family (bHLH), e.g., myogenin, shown as a red semi-circle, while the v site is likely
bound by a member of the MEF2 family, shown as a blue oval. The factor(s) that control

the B-element are unknown at this time. See text for additional discussion.
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Figure 3.18. The RGMc proximal promoter is not active in 3 unique liver cell lines.
A. Phase-contrast microscopy of normal mouse AML-12 cells (left), as well as human
hepatoma HepG2 (center) and Hep3B (right) cells. Scale bar is 250um. B. Results of
luciferase assays in AML-12 (gray), HepG2 (light green), or Hep3B (dark green,
hatched) cells transiently transfected with reporter genes containing different 5°
truncations of the mouse RGMc promoter. Cells were incubated in various growth media
(see ‘experimental procedures’ for details) for 24 hr before analysis (error bars = range of
2 independent experiments in duplicate for RGMc constructs and n=6 for control
plasmids, IGF-I1p3 and TK-luciferase). Values were normalized to protein concentration
and TK-luciferase values were set to 100 relative luciferase activity units (average
measurements were 8 x10° (AML-12 cells), 10 x 10* (HepG2 cells), and 3x10* (Hep3B

cells) light units/pg total protein/sec).
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Figure 3.19. Primary hepatocytes express RGMc mRNA for at least 52 hours in
culture. A. Experimental overview. SUM3, is a media for primary cultures along with
free-fatty acids (FFA). Harvest of primary hepatocytes was performed by A. Duncan of
the Grompe Lab, OHSU. All subsequent work was performed by the author of this
dissertation. B. Morphology of primary hepatocytes at 5x10* and 5x10° cells per well
(~10cm? surface area) over the indicated incubation times. Scale bar, 100 pm. C.
Results of RT-PCR experiments for RGMc, albumin, and S17 mRNAs using RNA from
mouse tissues, isolated primary hepatocytes (pre., pre-plating cells, and house after
plating cells are indicated), and rat FTO-2B cells. Note: RGMc and S17 cycles are semi-
quantitative, and close to previously established cycle numbers to tissues, whereas the
albumin lanes are likely saturated with respect to cycle number and should be taken as an

indication of present or absent.
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Figure 3.20. Concept of gene and promoter synteny. Levels of genomic conservation.
Figure adapted and taken from Ref. [36] (Catchen, 2008). Levels 1 through 4 represent
increasing amounts of conserved synteny. Arrows represent genes on a chromosome, or
alternatively promoter elements in front of a gene which may or may not be orientation
dependent. Level 1 requires only that two orthologous genes (or promoter elements)
occur on homologous chromosomes/regions, level 2 requires conserved gene/element
order; level 3 additionally requires conserved transcription orientation, and level 4
requires no intervening genes/elements (or element orientation if applicable to a

transcription factor binding site) within the conserved block.
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Figure 3.21. Possible promoter synteny within the RGMc locus with zebrafish and
putative RGM in Ciona. Putative transcription factor binding sites (TFBS), based on
sequence alone (E-box: -CANNTG-; STAT: -TTCNNNGAA; MEF2: -
BRMCWAWHRWRGBM- , where N is any nucleotide, B is not A, R is a purine, M is A
or C, Wisan Aor T (weak), H is not G) in the RGMc locus of zebrafish (Danio rerio)
and the RGM locus of sea squirt (Ciona intesinalis). MEF2 canonical sequence derived
from Refs. [150, 222]. Exons shown as gray boxes for reference.(Ciona photo courtesy

of Arjan Gittenberger, ascidians.com)
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Figure 3.22. Evolutionary analysis of dimerizing transcription factors. Origin and
repertoire of families of transcription factors that dimerize/multimerize in eukaryotes.
The phylogentic tree represents the divergence of species based on molecular clock
studies [223]. The transcription factor gene numbers, subfamilies, and their evolution are
based on published studies (see [219], and references 7, 14-25 therein) with the following
abbreviations used: bHLH, basic helix-loop-helix; bZIP, basic leucine zipper domain;
NR, nuclear receptor family; MADS-box, MCMZ1(minichromosome maintenance)—
agamous—deficiens—serum response factor; STAT, signal transducers and activators of
transcription; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; HD-
ZIP, homeodomain-leucine zipper (specific to plants). Figure adapted and taken from

Ref. [219] (Amoutzias, 2008).”

™ From Ref. (Amoutzias, TiBS (2008) v335:220-229) “The bZIP, bHLH and MADS-box families
emerged at the origin of eukaryotes and are shared by plants, fungi and animals. The bZIPs and bHLHs
underwent independent lineage-specific expansions in plants and animals. The MADS-box proteins
underwent lineage-specific expansion in plants. Although no STATS have been identified so far in fungi,
they are found in an opisthokont slime mould, Dictyostelium discoideum, and in animals. Nevertheless, this
family did not undergo significant expansions. NRs emerged at the origin of animals and have undergone
significant expansion, thus forming a complex dimerization network in humans. NF-kB is animal specific
but did not undergo significant expansions. HD-ZIPs are plant specific and the family expanded
significantly. In conclusion, five families expanded independently and significantly in animals and/or
plants but not in fungi.”
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Figure 3.23. Synteny across the promoters of the RGM family. In classical genetics,
synteny is the presence of two genetic loci on the same chromosome; in modern
molecular genetics, synteny is defined as regions of large conserved blocks of DNA that
would be expected to undergo rearrangement under random breakage model of
chromosome evolution [224]. The same concept is extended here to promoter elements
(see Fig. 3.20) of the RGM family. A. Conserved regions of DNA (shown here as the
same size in red to simplify diagram for illustrative purposes; actual sizes and orientation
are highly variable) between mouse and zebrafish RGMc, with MEF2 site noted (red with
green outline). Exons are numbered and shown as boxes,with untranslated regions in
yellow, and protein coding sequences in blue. B. All three RGM family members in
mouse contain a putative MEF2 site (red with green outline) based on sequence alone
(see figure legend 3.21 for sequence), although the MEF2 site found in RGMa and
RGMb are ~1 kb from the predicted transcription start site; the functional relevance of
these sites in RGMa and RGMb are unknown, as neither of their repective promoters
have been characterized to date. Hypothetical transcription factors binding sites that
confer tissue-restricted expression of the individual RGM family members are shown in
yellow with a green outline. Theoretically, this model supports the concept of ‘Modular
Gene Organization’ [15-17] in which the ancestral RGM contains a MEF2 site that is
bound and regulated by an evolutionarily ancient MADS-box transcription factor (see
Fig. 3.22 and Ref. [219]). Following gene duplication, the individual RGM family
members may have used an additional binding site (yellow/green) in addition to the
MEF2 site to confer the tissue-restricted pattern of expression seen in modern vertebrates

that express the three RGM family members.
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Chapter 4

Post-Transcriptional regulatory mechanisms of RGMc

expression

“Excellence in research requires extended, undisturbed time and space in which to develop,
evaluate, and fully test an idea. It demands the freedom to fail and try again.” —Amy C. Justice,
2009

“I would rather discover a single fact, even a small one, than debate the great issues at length

without discovering anything at all.” —Galileo Galilei
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4.1: Summary

Transcriptional regulatory mechanisms of RGMc were presented in chapter 3 of this
dissertation, however the full spectrum of RGMc gene regulation remains incomplete. In
this fourth chapter, I define a novel post-transcriptional control region found within exon
1, called the e-element, that increases reporter expression by 10-fold in muscle cells, and
~40-fold increase in three unique liver cell lines. As the levels of mRNA do not
appreciably change with the addition of this region, the data presented in this chapter
support the hypothesis that the e-element is acting as a translational control element. The
e-element can function in both the forward and reverse orientation, but must be directly
adjacent to the rest of exon 1. The 5’UTR of RGMc does not appear responsive to
changes in iron levels, however alternative splice variants in exon 2 that change the size
of the 5’UTR (presented in chapter 3) may slightly alter the levels of expression,
potentially adding an additional control mechanism for the expression of the RGMc gene.
Evolutionary conservation of the RGMc 5’UTR as well as experiments to discern

possible control mechanisms are discussed at the end of the chapter.

4.2: Introduction

Comprehension of the possible structure-function relationships of repulsive guidance
molecule ¢ (RGMc), or hemojuvelin (HJV), at the protein level has improved greatly
since its discovery, however there are still many gaps in our knowledge about the
members of the RGM family (several of which are discussed in chapter 2) and the steps
before the appearance of protein (the focus of chapters 3 and 4). Understanding the

molecular mechanisms responsible for control of RGMc biosynthesis under physiological
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or pathological conditions has been hampered by lack of fundamental information about
the RGMc gene. In the preceding chapters, we defined the structure, examined the
evolution, and established regulatory mechanisms of the mouse RGMc gene at the level
of transcription. In skeletal muscle, three conserved elements were identified, that when
collectively mutated, abrogated all apparent transcriptional activity in two muscle cell
culture systems. Furthermore, RGMc appears to be contolled by basic helix-loop-helix
and MEF2 transcription factor families in skeletal muscle, and potentially in hepatocytes
by the liver-enriched transcription factor HNF4a (see chapter 3). In this chapter, a novel
post-transcriptional control element is presented, and insights into the possible
mechanisms of RGMc regulation following the appearance of a transcript, but before the
presence of a nascent protein, are examined. Furthermore, the control element in RGMc
may be an example of a small, but growing number of regulatory mechanisms that utilize
the 5’-untranslated region (UTR) to enhance translation of specific mMRNA transcripts

into a nascent protein.

4.3: Experimental Procedures

4.3.1: Materials — Detailed in section 3.3.1 along with the following additions: anti-
human ferritin (F5012) antibody, deferroxamine mesylate (DFO, D9533), ferric (iron 1)
ammonium citrate (FAC, F5879) were from Sigma (St. Louis, MO). Oligonucleotides
were synthesized at the OHSU DNA Services Core. All other chemicals were reagent

grade and were purchased from commercial suppliers.

4.3.2: Construction of RGMc promoter-reporter plasmids — Mouse RGMc genomic

DNA was isolated from BAC clone RP24-136119 (Children’s Hospital Oakland Research
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Institute BACPAC resource center (http://bacpac.chori.org/), Oakland, CA). Additional

details may be found in section 3.3.2.

4.3.3: Cell culture and recombinant adenoviruses — Identical to methods listed in
sections 3.3.3-.4. For iron-loading experiments, DFO and FAC were resuspended in the

appropriate growth media (listed in section 3.3.3) at a final concentration of 500 pM.

4.3.4: Analysis of gene transcription by promoter-reporter gene assays - C2 and
10Tz on gelatin-coated 12-well plates and treated as noted in section 3.3.5. Liver cells
(Hep3B, HepG2, and AML-12) on 12-well plates were transfected at 50% confluent
density with 0.5 pg of plasmid DNA per well for 24 hours. Liver cells were then
transferred into growth media (see section 3.3.3 for specifics for each cell type) for an
additional 24 hours and then cell extracts were harvested, stored at -80°C, and were
assayed together for luciferase activity, as described [136], and results were normalized

to cellular protein concentrations.

4.3.5: RNA isolation and analysis - Total cellular RNA was isolated from cells and
tissues using Trizol as noted in section 3.3.7. Sequences of additional primers (depicted
in Fig. 4.4D) targeted to the luciferase gene for steady-state mMRNA analysis are as
follows: Forward #1, 5 GCTTACTGGGACGAAGACGAACA,; Forward #2, 5’
CGATGACGGAAAAAGAGATCGTG; Common Reverse Primer, 5’
GCATTCTAGTTGTGGTTTGTCCAAACTC.

4.3.6: Protein isolation and immunoblotting - Whole cell protein lysates were prepared
as described [131] and aliquots stored at -80°C until use. Protein samples (25 pg/lane)
were separated by SDS-PAGE, transferred to Immobilon-FL, blocked in AquaBlock, and
incubated with primary and secondary antibodies at the following dilutions: anti-human
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ferritin rabbit polyclonal antibody (1:2500), anti-a-tubulin (1:30,000), and AlexaFluor
680-conjugated goat anti-mouse IgG or IR800-conjugated goat anti-rabbit 1gG (1:5000).
Immunoblot images were acquired using a LiCoR Odyssey Infrared Imaging System, and

analyzed with v2.0 analysis software (LiCoR, Lincoln, NE).

4.3.7: Data Analysis and Computational (in silico) Resources — Identical to methods
listed in sections 3.3.12-.13, with the following addition: WebLogos@Berkeley [225,
226].

4.4: Results

4.4.1: RGMc contains a post-transcriptional control element within exon 1.

As demonstrated in chapter 3, analysis of a ~12 kb locus demonstrates that the major
transcriptional regulatory elements for RGMc in skeletal muscle are found within a 0.6
kb region just upstream of the transcription start site (Figs. 3.8 through 3.14). In
particular, data shown in Fig 3.12 revealed that well-conserved regions between mouse
and human RGMc/HJV contained no apparent transcriptional enhancer (or repressor)
elements (defined as regions that can alter transcriptional activity when placed at a
distance and any orientation from a promoter element). During this analysis, it became
apparent that while a discontinuous stretch of the RGMc locus did not alter luciferase-
reporter activity (Fig. 3.12), a region of the RGMc locus continuous with the promoter
region increased reporter activity by an order of magnitude (Fig. 4.1B, note logarithmic
scale). Subsequent 3’ deletions revealed that a region of only 42 bps, from +118 to +160,
was sufficient to cause a 10-fold increase in luciferase activity of the RGMc promoter-

reporter construct (Fig. 4.1B), identified in chapter 3 as a region located from -620 to
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+118 relative to the transcription start site (Fig 3.10). Importantly, the 10-fold increase
occurred at both t0 and t24 or t48 hours after differentiation for Ad:MyoD-10T%2 and C2
cells, respectively (Fig. 4.1B), as well as when the three transcriptional control elements
(a-, B-, and y-elements, see Figs. 3.13 and 3.14) important for transcription in skeletal
muscle were mutated individually and in combination (Fig 4.2 and appendix 1). This
suggests that this 42-bp element operates independently of the known transcriptional
response elements. As this 42-bp consistently gave an ‘enhanced’ level of reporter

activity, the region was named and will subsequently be called the epsilon-, ‘e-’, element.

Identification of the 42-bp e-element suggested multiple potential mechanisms of
enhanced luciferase-reporter activity. As diagrammed in figure 4.3, three possible
mechanisms included (i) transcriptional, (ii) variable mRNA stability, and (iii)
translational regulation to alter the expression of luciferase driven by the RGMc
promoter; this list is by no means exhaustive, but intended to provide a framework of
testable hypotheses from which experiments may be designed. For example, if the
increase in reporter-activity is due to a transcriptional element being bound by a
transcription factor present in proliferating and differentiating myoblasts (Fig. 4.3A), one
would expect a concomitant increase in mMRNA and reporter-activity (as a surrogate for
protein levels). At the same time, an alternative hypothesis that would be supported by
the same data set could be altered stability of the mRNA transcript (Fig. 4.3C, right),
which effectively increases the total MRNA available for translation. A third possibility
is changes in the translatability of the mRNA (Fig. 4.3B, left), often due to structural
changes in the mRNA and/or proteins that bind to the ribonucleic acid. To distinguish
between the mechanisms of translatability versus transcription or mRNA stability, we
isolated total mMRNA from differentiating myoblasts and compared total MRNA to the

relative lucerase activity of RGMc promoter constructs with and without the 42-bp e-
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element (Fig. 4.1 C and D). As shown in figure 4.1D, there is no appreciable difference
in the levels of total MRNA, as assessed by RT-PCR, whether the e-element is absent or
present (+118 vs. +160, Fig. 4.1D), while the reporter activity increases by approximately
10-fold (Fig. 1C, first two constructs). Together, these data are consistent with the
hypothesis that the e-element is changing luciferase-reporter levels by a translational
control mechanism, and are not compatible with models of transcriptional control, nor

changes in MRNA stability.

4.4.2: The RGMc g-element functions regardless of orientation, but must be
adjacent to the rest of exon 1.

To determine the nature of the e-element, a series of reporter constructs were generated
(diagrammed in Fig 4.1C, left) and subsequently tested in the Ad:MyoD-10T%2 myoblast
model. Reversing the orientation of the e-element did not alter the 10-fold increase in
reporter activity over the RGMc promoter alone (compare the first three constructs in Fig.
4.1C), but inserting the luciferase gene between +1/+118 of exon 1 and the e-element
(+118/+160) caused the luciferase activity to return to the levels seen with the RGMc
promoter alone (Fig. 4.1C). Of note, transferring the e-element to a heterologous
promoter, both TK-Luc and myogenin-Luc, caused a decrease in activity (data not
shown), although this could be attributed to the manner in which the reporter plasmids
were constructed. Together these data in figures 4.1 and 4.2 demonstrate that the RGMc
e-element is a post-transcriptional regulatory element that can boost reporter activity by
10-fold when placed in any orientation, but must be adjacent to the rest of 5’UTR in the

RGMc transcript.

4.4.3: Alternative splicing in RGMc exon 2 leads to three 5’UTRs of different size.
Initial mapping of the RGMc transcripts (presented in chapter 3) revealed a variable
splice-acceptor site in exon 2 that allows the generation of thee different sizes of the
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5’UTR (Figs. 3.2 and 3.3), but does not alter the protein coding sequence (CDS). To
determine if this alternative splicing was unique to skeletal muscle, we tested a variety of
tissues and cell lines known to express RGMc using RT-PCR with primers targeted to
amplify across the exon 1-2 junction (Fig. 4.4A, right). When amplified against a
sequence-verified positive control, all tissues and cell lines that express RGMc appear to
contain the three splice variants (Fig. 4.1A). The 5’UTR in RGMc is larger than average
when compared to the size of other eukaryotic UTRs (Fig. 3.4), which is often correlated

with additional regulatory elements for gene expression at the level of translation.

4.4.4: RGMc g-element increases reporter activity irrespective of the 5’UTR size.
To determine if the three different-sized 5’UTRs altered reporter-expression, three
additional constructs with the endogenous 5’UTRs of RGMc were constructed, varying in
size from 323 to 246 nucleotides (Fig 4.4B). Ad:MyoD-10T%z cells were transfected with
five different fragments of the 5’UTR (called omega, ‘Q2’, plus the UTR size in
nucleotides) and assayed for luciferase-activity as well as total mMRNA with primers
directed against the 3’end of the luciferase gene (diagrammed in Fig. 4.4D) in order to
assess reporter-activity and mRNA levels in the same experiment. As shown in figure
4.4C, all constructs that include the 42-bp e-element in exon 1 increase reporter activity
by 5 to 10-fold over the RGMc promoter (©2-118 in Fig. 4.4C) in differentiating muscle
cells. Furthermore, levels of mMRNA are relatively equal (Fig. 4.4E), further supporting
the hypothesis that the order of magnitude change in reporter activity is not due to
changes in mMRNA levels, but utilization of the transcript (e.g., translatability of the
mRNA). The difference in reporter activity with the Q-323 construct (Fig. 4.4C) will be
discussed in detail below, as the decrease could be attributed to mRNA levels (Fig. 4.4E)
or unique features (e.g., sequence composition and possible secondary structures) that

alter the levels of expression (Figs. 4.5, 4.9, and 4.10).
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4.4.5: The RGMc 5°UTR and g-element in liver cells, and under changes in iron
levels.

RGMc may be one of the only genes expressed exclusively in striated muscle and in
hepatocytes. As the liver is often recognized as an important regulator of iron
metabolism, we sought to investigate RGMc promoter function in liver cells and thus
performed a series of transfection experiments with mouse RGMc promoter-luciferase
fusion genes into human Hep3B liver hepatoma cells, which have been reported to
produce RGMc (mRNA) [72], as well as into mouse AML-12 hepatocytes and human
HepG2 hepatocarcinoma cells. None of the 5 promoter deletions tested were active, as
luciferase values were < 10% of what was measured with a thymidine kinase promoter-
reporter plasmid, and were < 1% of the activity seen with mouse Igf-11 promoter 3 (Fig.
3.18). Similarly negative results were seen when the region from +2812 to +7540 of the
mouse RGMc gene was added to the promoter-reporter plasmid (data not shown), despite
the region being highly conserved between mouse and human (Fig. 3.12A). Based on
these results, it appears that the regulatory domains responsible for RGMc transcriptional
activity in liver cells do not map to the promoter of the gene, however as noted in chapter
3, the transcription factor HNF4a appears to be important for RGMc expression as shown
by ChIP-Seq in human cells and mouse knock-out studies of HNF4a that show no
expression of RGMc. Alternatively, the transcription factors necessary for RGMc
expression may not produced in Hep3B, AML-12, or HepG2 cells. Interestingly, when
the 42-bp e-element in exon 1 is included, the reporter activity increases ~40-fold (as a
note, levels increase from a virtually undetectable signal to a level ~2 times greater than
thymidine kinase) in Hep3B cells (Fig. 4.7, gray hatched, -620/+1320 construct), with
similar results in HepG2 and AML-12 cells (Fig. 4.7) suggesting that either (i) the
transcriptional elements necessary for RGMc expression can be found within this region
and/or (ii) an additional post-transcriptional regulatory mechanism (e.g., translational
control) is operating on this region.
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To determine if 5’UTR alters RGMc expression, the five different (three endogenously
derived, two synthetic) 5’UTR-luciferase constructs were transfected into Hep3B cells,
and mRNA levels were assayed in parallel as described above. As shown in figure 4.8,
simply adding the e-element increases reporter activity (Fig. 4.8A, lanes Q-160 vs. Q-
118), without any concomitant increase in mRNA levels (Fig. 4.8B), a similar trend to
what was seen in the skeletal muscle system. In contrast, the Q-323, Q-264, and Q2-246
constructs all showed a 50% reduction in reporter activity as the when compared to Q-
160 (Fig. 4.8), whereas only the Q-323 showed a reduction in the skeletal muscle Fig.
4.4C). Possible reasons for this are discussed below, however most importantly, the
addition of the e-element confers a dramatic increase in reporter activity regardless of the

size of the 5’UTR in Hep3B cells.

Since RGMc is an important component of an iron regulatory pathway, and UTRs have
been shown to have iron responsive elements (Refs. [129, 227] and see Fig. 4.3), we
repeated the transfection experiments with the varying sizes of the 5S’UTR in Hep3B cells
under iron-depleted and iron overloaded conditions using the iron chelator deferroxamine
(DFO) and an iron delivery system ferric (iron 111) ammonium citrate (FAC), respectively
(Fig. 4.8C). The 5’UTR of RGMc does not appear to be responsive to changes in iron
levels (Fig. 4.8C). As a control, we were able to demonstrate that the cells were
appropriately iron depleted and iron loaded via a western blot of ferritin (Fig. 4.8D), a
well-characterized protein shown to change its protein levels in response to iron levels

[129].
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4.5: Discussion

Experiments in this chapter demonstrate that a novel regulatory element in the 5°UTR of
RGMc controls gene expression by a post-transcriptional mechanism. This regulatory
element, called the e-element, localizes to a 42-bp region exon 1, and while it must be
directly adjacent to the rest of exon 1, the orientation of the e-element does not appear to
matter (Fig. 4.1C). As there is no appreciable change in the mRNA levels (Figs. 4.1D,
4.4E, and 4.8B) with an order of magnitude increase in reporter activity, a translational
regulatory mechanism appears to be the most parsimonious explanation for these data. In
this discussion, | will outline the possible mechanisms by which the the e-element could
be regulating RGMc expression, integrating the data presented in this chapter, previously
characterized examples of post-transcriptional regulation that may pertain to RGMc, and
computational data on the 5’UTR of RGMc that may shed light onto the nature of the

regulatory mechanisms of RGMc expression.

The central concept in translational control is that gene expression is regulated by the
efficiency of how the mRNA is utilized in specifying the synthesis of a nascent protein
[22]. As shown in figure 4.3, three hypotheses regarding the possible nature of the e-
element were proposed. The models for transcriptional regulation and mRNA stability
do not appear to be consistent with the available evidence. Data in this chapter support
the hypothesis that the e-element is regulated via translational control, which has many
examples, but are limited in numbers of detailed molecular mechanisms [228]. One may
envision that our understanding of translational regulation by proteins and ribonuclear
proteins (RNP) will rapidly become similar to the detailed understanding of
transcriptional control that is emerging (with the intricate interplay between the DNA,
chromatin, transcription and chromatin modifying machinery), and that the

MRNA/MRNP of translation will unfold as a model in which regulation occus via a
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“chromatinziation of mRNA” [229]. Part of this understanding has been accelerated by
the use of genomic data and molecular evolution to develop hypotheses to experiments
that nature has already performed on entire organisms. Below are possible mechansisms
that may influence how the mMRNA is used, how this utilization ultimately may influence
the expression of RGMc, and how these principles may be applied to our understanding

of the molecular evolution of a family of genes.

Alternative Splicing: changing the scaffold and interaction matrix

Before an mRNA is translated into a protein, the newly synthesized transcript must be
processed for export to the cytoplasm. This includes a series of steps that usally includes
capping the 5° end, adding a poly-adenylation tail, and generating alternatively spliced
transcripts as appropriate. Estimates of the number of genes that undergo alternative
splicing range anywhere between a third (34% within genes of the endocrine systems,
reported in 2001) [230], to 50% [231] (though there are errors in this computationally
derived database released in 2009, including RGMc being mis-annotated), to a recent
high-throughput sequencing study suggesting that as many as 95-100% of human pre-
mMRNAs with more than one exon are processed to yield multiple mRNAs [187, 232,
233]. Alternative splicing is probably of particular importance for developmental and
stage-specific isoforms [230] and it has been shown that threre are multiple changes in

the 5’UTR that may influence expression (reviewed in Refs. [187, 234]).

As RGMc has three splice variants that are all longer than average (Fig. 3.4) and well-
conserved (Fig. 3.8), it is likely that this 5’UTR contains important regulatory elements
for RGMc expression. Shown in chapter 3 (see Figs. 3.2C and 3.3), the three
alternatively spliced exon-2 acceptor sites are well-conserved in mammals, with a
canonical poly-pyrimidine tract (also see Fig. 4.5A, green, % C+T) and —AG splice
acceptor site (additional details of sequence composition will be discussed below). While
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all three splice variants appear present in all cell lines and tissues that express RGMc (Fig
4.4A), the function of these variants remains unknown, as the change in reporter levels
only drop by ~2-fold (Figs. 4.4C and 4.8A), and are not affected by changes in iron levels
(Fig. 4.8C). It will be interesting to see if the ratio of splice variants changes during the
developing embryo or under pathological conditions, and if the regulation of the
alternative splice-variants is at the translational level (via output of a reporter or protein

levels).

When investigating possible translational mechanisms, it is important to rule out that
simply removing the intron, which can act as an inhibitory sequence from the 5’UTR, is
not the cause of increased reporter activity [235]. In the case of the RGMc reporter
constructs, whether the intron is present (Fig. 4.1) or absent with a continuous stretch of
5’UTR sequence (Figs. 4.4 and 4.8), the levels of reporter activity have a 10-fold increase
in activity when compared to the RGMc promoter-construct alone. This suggests that we

may rule out that splicing out the intron is the reason for the increased reporter activity.

The 5°UTR: a functional hot-spot for translational requlation

Classically the untranslated regions (UTR) of mRNA are used for translational regulatory
mechanisms. Iron regulation is governed, in part, by two canonical strategies with
examples in (i) ferritin being regulated in the 5’UTR by blocking translation (inhibiting
the recruitment of the 43S ribosomal complex to ferritin mRNA [236, 237]), and (ii) by
the 3’UTR in transferrin acting to stabilize the mRNA and inhibit degradation (and thus
effectively increasing the number of transcripts available for translation) (Fig. 4.3B and
C). Both ferritin and transferrin are responsive to changes in iron levels [129] using the
iron-regulatory protein cis-aconitase that binds an iron regulatory element (IRE), a
secondary structure in the mRNA to which Aconitase/IRP (Iron Regulatory element
binding Protein) binds and alters translation. The 5’UTR of RGMc is not responsive to
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changing the levels of iron (Fig. 4.8C), nor do total mMRNA levels change in mice loaded
with iron [238]. Thus, collectively the current data only support a mechanism by which
RGM.c is responsive to iron loading at the level of protein release from the cell membrane
[67], and not at the level of the transcript. Furthermore, no classical IREs can be found in
RGMc, thus it is likely that increase in reporter activity with the e-element occurs by an
additional regulatory mechanism other than iron responsiveness. Several possible
mechanisms include utilization of upstream open reading frames (UORF), proteins that
bind specific structures or sequence motifs, and secondary structures of the RNA
sequence that may result in hairpin or internal ribosome entry site (IRES) motifs, as well
as emerging regulation by miRNAs that may occur at either the 5’ or 3° UTR (Fig. 4.9),

of which a select number will be discussed below.

Two elements that influence the translation of many mRNAs include the uORF and IRES
sequences (Fig. 4.9). Translation in eukaryotes classically begins when the 43S ‘pre-
initiation” complex (consisting of a 40S ribosomal subunit, eukaryotic initiation factor 2
(elF2)-GTP-Met-tRNAM®; ternary complex (elF2 TC), elF3, elF1, elF1A, and probably
elF5) recognize the initiation codon, ‘AUG’ [228, 239-242]. Some mRNAs contain
AUG-start codons upstream of the “principal-AUG” (pAUG) called uORFs, that may
create a control mechanism for translation, change the N-terminus of the protein, or
completely alter the reading frame [242]. Mouse RGMc contains 5 uORFs in addition to
the pAUG (Fig. 4.5B, arrowheads). Three of the RGMc uORFs, plus the pAUG, are
well-conserved among mammals and contain a Kozak Consensus Sequence
(GCC(A/G)CCAUGQG) [-3 and +4 residues, highlighted in bold and italics are the most
important]) [155, 243, 244], suggesting that if uORFs are used as a translational control
mechanism in RGMc, these four are the most likely candidates (Fig. 4.5B, asterisks
under the arrowheads and sequence alignment in Fig. 4.6). While there is at least one
example of a non-AUG start codon in eukaryotes (a CUG-start codon [245]), | chose to
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ignore these as there is no reliable way to predict non-AUG start codons [242]. Figure
4.6 shows the conservation sequence of the entire 5’UTR, as it has been shown that the
sequence 5’ of the first uORF (in yeast GCN4) is required for efficient translation [246],

and thus may also be critical for RGMc if uUORF are used as a control mechanism.

In addition, the spacing between the ATG/AUGSs in RGMc are shown in figure 4.5B, as
spacing between AUGs is important for “ribosomal shunting,” a process by which the
ribosome re-engages with the mRNA downstream of a translational block, with the
classical example being found in Couliflower Mosaic Virus 35S mRNA [247], as well as
for mMRNA with IRES, which occurs via 5’-cap-independent mechanism [244, 247].
While RGMc does not have any predicted IRES, it is mentioned for completeness and the
fact that RGMc has an unusually high percentage of pyrimidine enrichment (Fig. 4.5A)
which is important for IRES sequences (predicting an IRES can be challenging as an
IRES usually consists of a secondary structure that is not easily predicted, followed by a
polypyrimidine tract [248, 249]), as well as for polypyrimidine tract binding proteins
(PTB) which will be discussed below.

The next step in understanding the possible regulation of RGMc by uORFs would be to
directly mutate the ATG/AUGS, beginning with those that contain a strong Kozak
Consensus Sequence and are well conserved (Figs. 4.5B and 4.6), and determinine
experimentally if they have a direct impact on RGMc expression. With respect to IRES
translational control, searching for a protein that interacts with the 5’UTR of RGMc¢ such
as the IRES trans-Acting Factors (ItAFs) [248] is a possible way of determining the
presence of an IRES if coupled with the ‘gold-standard’ bicistroinc assay used in cell
culture [248]. Alternatively, a ‘yeast three hybrid’ [250] or other RNA-protein

interaction screen may illuminate the various factors that control the 5’UTR of RGMc,
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and its subsequent expression. A great deal of experimental work is needed to determine

the precise mechanisms of regulation of RGMc in the 5’UTR sequence.

The RGMc 5’UTR contains a high percentage of pyrimidines within some of the exon 2
vaiants (Fig. 4.5A), as well as a large number of pyrimidines in the terminal 5° end of the
transcript (the first 16/22 nucleotides (73%) are pyrimidines; see Fig. 4.6). While the e-
element appears to be the major post-transcriptional element in the RGMc 5’UTR (Figs.
4.4 and 4.8), the longer 5’UTRs of RGMc potentially play a second role in regulating
RGMCc expression. In muscle cells, the longest 5’UTR of 323 nucleotides (Fig. 4.4C, Q-
323) and three of the 5°UTRs in liver (Fig. 4.8A, Q-323, -264, and -246) all show a
modest, but reproducible (~2-fold) drop in activity when compare to Q-160 construct.
One possible explanation is the formation of a secondary structure (e.g., hairpin, Fig. 4.9,
Table 4.1, and discussed below), while another is that the polypyrimidine-enriched region
of RGMc (Fig. 4.5A) is bound by a protein such as the polypyrimidine tract-binding
protein (PTB) [239, 251, 252]. Alternatively, the extreme 5 end of RGMc is enriched
for pyrimidines, a feature that is often seen with many ribosomal proteins that contain a
terminal 5’-oligopyrimidine (TOP) tract [241]. The TOP motif must be at the 5* end of
the MRNA and may not always be sufficient without the remainder of the 5’UTR [241],
however the mechanism remains unknown at this time. It is possible, that the e-element
itself requires the 5’end, though the orientation independence (Figure 4.1C) adds an
additional complexity to understanding the mechanism of the e-element along with the

additional decrease in activity seen with the different 5’UTR constructs.

Possibility of a positive translational mRNA-specific requlator

Translational regulation appears to occur at either a global level, i.e., where large
numbers of genes are affected, or in a gene-specific manner, such as those genes
controlled by the iron regulatory protein [129]. The vast majority of regulatory elements
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in the 5’UTR are of an inhibitory nature [234] (see Fig. 4.9), which include miRNAs that
are able to bind to the 5> UTR in addition to their classical mechanism of 3’UTR target
destruction. Examples of positive mRNA-specific regulators of 5’-cap-dependent
translation in eukaryotes have been reported [230, 253, 254], although definitive
examples of physiologically relevant control are limited and have not been sufficiently
demonstrated [22]. For example, a cis-element in a splice-variant of the 5’UTR of pre-
proinsulin mMRNA appears to increase translation in response to glucose [219, 243], but
this splice variant is less than 1% of the abundant native mRNA in pancreatic cells [230].
While most miRNAs operate by inhibiting translation via 3’UTR recognition (Fig. 4.9),
another report suggests that a miRNA binds to the 5’UTR of ribosomal mRNAs to
enhance their translation, suggesting a general method by which mRNAs with a 5’TOP
tract are regulated [253], but the mechanistic details remain obscure at this time. Thus
with respect to RGMc, the e-element may represent a novel positive translational control
element found in the 5’UTR. As all RGMc reporter constructs that contain the e-element
increase in activity without concomitant changes in mRNA levels (Fig 4.1 and 4.8), the
current data is consistent with the hypothesis that the e-element is a positive translational

control region found in the S’UTR.

The ribosomal landing pad on the 5’UTR

Translation efficiency of eukaryotic mRNAs is primarily dictated by initiation [239-241,
255]. The analysis above centers around one fundamental concept: if the hypothesis that
‘the RGMc 5 UTR influences the translational expression of the gene’ is correct, then the
MRNA elements, such as the e-element, are all likely to recruit the critical factors for
translational initiation. In this way, the 5’UTR acts as a scaffold through which the ribo-
protein subunits localize and initiate translation. RNA probing studies indicate that the
mMRNA-binding site of the 40S subunit may cover from 12 to 18 additional nucleotides
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upstream of the 40S subunit and about 15 nucleotides downstream of the initiation codon,
so that initiation complexes assembled on mRNAs with short 5° leaders may lack
stabilizing interactions upstream of the initiation codon [255, 256]. This may be
influenced greatly by secondary setructure in the 5’UTR, which may include hairpins in
the MRNA to complex structures recognized by specific mRNA binding proteins (e.g.,
the IRP or the IRES motif; see Figs. 4.3 and 4.9). mRNAs with a high percentage of CG-
nucleotides often stabilze structural elements due to the three hydrogen bonds that can
form between the G and C. RGMc contains two regions of the S’UTR that are modestly
enriched for GC-residues; one around the second uORF and one around the principal
AUG (Fig. 4.5A). However, the predicted secondary structure around these regions
varies little between an ensemble of theoretical predictions in mFold [257, 258] when
compared to changes in experimental results (Figs. 4.1, 4.4, and 4.8). For example, the
regions around +80 (Fig 4.5) is a GC-rich region and predicted to contain a hairpin
structure in most of the models of the RGMc 5°UTR Q-118, -160, and -323, but is absent
in the majority of the models of Q-246 and -264 (select examples shown in Fig. 4.10).
The only trend from the secondary structures (Fig 4.10) that correlates with the
experimental data (Figs. 4.1 and 4.8) is a modest change in the predicted AGuding Per
nucleotide in the longer 5’UTRs (Q-246, -264, -323) shown in Table 4.1. More
fundamental experiments will be needed to determine if the secondary structure and GC-
content of the 5’UTR alters the expression of RGMc, and whether alternative splicing
creates a differential kinetic or thermodynamic requirement on the translation system
[187] (the above analysis with AG® is primarily a thermodynamic argument). For
example, mRNAs containing extensive secondary structure in their 5’UTR translate
efficiently in cells overexpressing initiation factor elF-4E [259]. Additional
computationally predicted motifs are listed in Table 4.2, with the most intruiging being
an interferon-Gamma-Activated-Inhibitor of Translation (GAIT), and a weak 15-
lipoxygenase Differentiation Control Element (LOX-DICE) [22, 260-262]. While
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interesting from a speculative level about the fundamentals of RGMc regulation, greater
experimental evidence will be needed before a mechanistic understanding of the role of

the secondary structure of the RGMc 5’UTR may be understood.
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Table 4.1: Predicted AG® values for the folding of the RGMc 5°UTR

Iégr?s/lt‘;ui ’tUTR -118 (2-160 2-246 (2-264 2-323
Avergage AG° -30.1 -40.8 -68.5 -71.4 -90.4
AG° Avg/nt -0.255 -0.255 -0.278 -0.270 -0.279
Mnalyzed n mEald) 9 (12) (13) (21) (10)
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Figure 4.1: RGMc contains a post-transcriptional control element within exon 1. A.
Organization of the mouse RGMc gene. The gene contains 4 exons (numbered boxes)
and three introns (thin lines), with the 5* untranslated region (UTR) in gray and the
protein coding region in black. The transcription start site is denoted as a bent arrow
with ‘“+1°. B. Results of luciferase assays in differentiating Ad:MyoD-10T% cells and C2
myoblasts that were transiently transfected with reporter genes containing the mouse
myogenin promoter (as a control for muscle differentiation; data shown in figure 3.9), or
3’ deletions of the mouse RGMc genomic DNA, which includes the RGMc promoter
defined in chapter 3, (coordinates -620 to location listed adjacent to each construct), and
incubated in differentiation media (DM) for 0 (white bars), or 24 or 48 hr (Ad:MyoD-
10T and C2, respectively, gray bars). The graphs summarize results of >3 independent
experiments (mean £ S.E.), each performed in duplicate. Myogenin promoter values at t
0 have been set to 100 in each graph (average measurements at t 0 were 7.8 x 10* (Ad-
MyoD-10T% cells) or 7.3 x10° (C2 cells) relative light units/ug total protein/sec). C.
Results of luciferase assays in Ad:MyoD-10TY cells transfected with RGMc reporter
constructs with different positions and oritentation of the RGMc e-element (coordinates
+118/+160) as diagramed to the left. For example, the third construct from the top places
the e-element in reverse orientation. Results are presented as in part B. Thymidine
kinase (TK) and myogenin promoters are listed for reference. D. Total mRNA levels
from Ad:MyoD-10T%¥: cells transfected with RGMc reporter constructs: -620/+118; -
620/+160; REV, -620/+160 with reverse orientation of the e-element at +118, and TK
luciferase construct as a negative control. RT, reverse transcriptase added (+) or absent (-
) from the reaction. Ribosomal S17 gene shown as a loading control. Scale Bar is the

range of four independent experiments.
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Figure 4.2: The RGMc g-element does not appear to alter the promoter in skeletal
muscle. Results are depicted of luciferase assays in differentiating Ad-MyoD-10T%: cells
(left panel) and C2 myoblasts (right panel) transiently transfected with reporter genes
containing substitution mutations of the mouse RGMc promoter (illustrated on the maps
to the far left; details including full primer sequences are in ‘Experimental Procedures’ of
chapter 3). Figure demonstrates that the e-element increases reporter activity by 10-fold
irrespective of the time point (compare top figures without e-element and bottom figures
with the e-element; note scale, with 10x increase on the lower graphs of constructs with
the e-element). Cells were incubated in DM for 0 (white bars), or 24 or 48 hr (gray bars)
before analysis. The graphs depict results of 3 - 10 independent experiments (mean +
S.E.), each performed in duplicate (* - p < 0.05, ** - p <0.001, vs. t 0). For full results

of substitution mutations with and without the e-element, please see appendix 1.
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Figure 4.3: Models of possible mechanisms of RGMc regulation by the g-element.
Proposed models to explain the increase in activity of the e-element within the RGMc
gene include a transcriptional control element, translational control and/or a mechanism
of mMRNA stability. The model of translational control appears most consistent with the
data presented in this chapter, but as a novel ‘activator element’ instead of a translational
repressor as depicted in B (please see text for details). A. Possible model of
transcriptional regulation. A resident transcription factor (TF) labeled IV (blue) binds to
the e-element and activates transcription regardless of the status of the rest of the
promoter, thus basal levels of transcription become enhanced by the presence of this
factor. During muscle differentiation, the additional TFs interact cauing the RGMc
promoter to become fully active. Examples of classical iron responsive elements, ferritin
and transferrin receptor as examples of 5’UTR block in translation and 3’ UTR regulation
that stabilizes the mRNA from degradation. B. Ferritin is regulated by the iron regulatory
protein (IRP) cytosolic-Aconitase which binds to the iron responsive element (IRE) in the
5’UTR when iron levels are low. Upon an increase in iron levels (Fe, purple circle), the
IRP-Fe complex undergoes a structural change that no longer permits the binding of the
IRP to the IRE, thus allowing the ferritin gene to be translated into a mature protein. C.
The transferrin receptor 3’UTR, in contrast, operates to increase translation when no/low
levels of iron is around by protecting the 3’UTR of the transferrin receptor transcript
from nuclease degradation, effectively increasing the steaty-state levels of the transcript.

B and C from Ref.[12], (Alberts, 2002).
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Figure 4.4: Alternative splicing in the 5’UTR of RGMc may alter translatability of
the gene. Three alternatively spliced transcripts were characterized and discussed in
Figs. 3.2 and 3.3. A. Results of RT-PCR amplification of mRNA using primers at the
exon 1-exon 2 junction reveals that the three exon 2 splice variants are present in all cells
tested that express RGMc. Samples include 10T cells transduced with Adenovirus
expressing B-Gal (control not expressing RGMc, as shown in Ref. [34]) or MyoD at 24
hrs in DM; C2 cells at 48 hrs in DM; Mouse skeletal muscle (gastrocnemius), liver, heart,
and control plasmids of sequence verified clones from skeletal muscle. Diagrams of the
transcripts are shown to the right along with the length (in nucleotides) of the three exon
2 splice variants and length of the full 5’UTR. B. Restriction analysis of the RGMc
reporter constructs in diagrammatic form (left panel), and cut with the restriction
enzymes Kasl, to demonstrate different sizes of the 5’UTR of the constructs (center
panel) and Ncol (right panel) to linerize the plasmids and show equal concentrations for
subsequent transfection into cells. C. Experimental set-up to determine the steady-state
MRNA levels of the RGMc luciferase reporter (yellow arrow). Two unique forward
primers were used (data in D the results from forward primer #1 [results from for. primer
#2 were identical but shifted in size to the appropriate levels]). A common reverse
primer localized to the nascent transcript just upstream of an SV-40 poly-Adenylation
signal (light blue). Primer sequences may be found in ‘experimental procedures’ of this
chapter. D. Results of Ad:MyoD-10T¥2 cells transfected with RGMc reporter constructs
and incubated in DM for 0 (white bars), or 24 hr (gray bars). Contructs are labeled as
omega (‘Q2’) plus the size of the 5’UTR in nucleotides. The graphs summarize results of
>3 independent experiments (mean + S.E.), each performed in duplicate (* - p < 0.02, **
-p<0.5x10°). E. Datafrom an RT-PCR experiment of mRNA isolated at t24 hrs in
DM to demonstrate approximatelt equal levels of mMRNA expression from the different

sized RGMc 5°’UTRs.
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Figure 4.5: Analysis of unique properties of the RGMc 5°UTR. A. The percentage of
GC-content (red) or pyrimidine enrichment (green) over a sliding window of 25-
nucleotides across the 5’UTR of mouse RGMc. In addition, the first 16/22 nucleotides
(73%) are pyrimidines (not shown) suggesting a possible ‘terminal oligo-pyrimidine’
(5°’TOP) tract; see Fig. 4.6 for details. B. The position of various features of the RGMc
5’UTR including the exons 1 and 2, the exon-2 spice variants, and the region for the e-
element (from +118 to +160). Sequences with an ATG (possible AUG start codons, five
UORFs and pAUG at +324) are shown as shaded arrowheads positioned at their
respective positions on the sequence ruler. Well-conserved and strong Kozak consensus
sequences (GCC(A/G)CCAUGG, -3 and +4 shaded in bold are the most critical
residuces) are noted with asterisk, ‘*’, (and see Fig. 4.6 for sequence details across
different species). C. Sequence alignment of the e-element (+118/+160, boxed and
highlighted in gray), with the conserved ATG/AUG tri-nucleotide sequnce that does not
meet a canonical ‘strong Kozak-consensus’ highlighted in red. D. Sequence alignment
presented in C depicted as a logos to highlight the most well-conserved nucleotides
across 9 mammalian species (alignment performed by hand and created using the

WebLogos server at UC Berkeley, Refs.[225, 226]).
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Figure 4.6: Sequence alignment of the RGMc 5’UTR across multiple species.
Alignment of genomic sequences from 10 mammalian species (exon 1 for elephant not
present in current genomic sequence) in the 5> UTR of RGMc (exons in upper case),
along with a portion of intron 1 (in light gray lettering and lower case). The mouse exon
2 highlighted as follows: the splice acceptor site that creates 174-nt exon 2 is in black,
the additional 18-nt that creates the 192-nt variant is in dark gray, and the additional 77-
nt found in the 251-nt variant is in light gray. ATG/AUG sequences are highlighted in
yellow, and the defined protein coding sequence depicted in blue. The principal
ATG/AUG start codon is noted in green. Additional details on the splice variants may be

found in Fig. 3.3.
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Figure 4.7: RGMc promoter is largely inactive in three unique liver cell lines, but
epsilon element dramatically increases reporter activity. The B. Results of luciferase
assays in AML-12 (white), Hep3B (gray hatched), or HepG2 (black) cells transiently
transfected with reporter genes containing different constructs of the mouse RGMc
promoter and genomic locus. Cells were incubated in growth media (see ‘experimental
procedures’ for details) for 24 hr before analysis (mean of 2 independent experiments in
duplicate for RGMc constructs and 5 for control plasmids, IGF-11 promoter (p)3 -
luciferase and TK-luciferase). Values for TK-luciferase were set to 100 relative luciferase
activity units (average measurements were 8 x10° (AML-12 cells), 10 x 10* (HepG2 cells),

or 3 x10* (Hep3B cells) light units/ug total protein/sec).
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Figure 4.8: Translational Control may be the major regulatory mechanism for
RGMc expression in the Liver, and is not dependent upon iron levels. Hep3B cells
were transfected with the S’UTR “Omega” series (exon-2 variants) of RGMc reporter
constucts with the length of the UTR indicated (see Fig. 4.4D for a diagram of the
constructs). A. Luciferase Activity from RGMc Q-series in Hep3Bs, with normalized
levels as noted in Fig. 4.7. B. RT-PCR of transcripts from different RGMc Q-series
constructs in Hep3Bs. C. Iron loading: Q2-series with Hep3B cells under conditions of
iron depletion (using 500 uM deferroxamine, DFO, in white), standard iron levels
(black), and iron loading (with 500 uM ferric ammonium citrate, FAC, gray hatched).
Results presented as the mean of two-independent experiments for DFO and FAC loaded
cells, and n=5 experiments for controls, each in duplicate, with error bars representing the
range. D. Western blot for the ferritin protein to show appropriate levels of iron depletion
(with DFO), standard iron levels, and iron loading (with FAC). Relative molecular

weight markers (in kDa) shown to the right.
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Figure 4.9: Mechanisms of the most common cis-acting elements in translation. The
5’-untranslated region (UTR) of an mRNA may contain an upstream open reading frame
(uORF), a secondary structure that a binding protein (5’BP) may use to regulate
translation or simply block a scanning ribosome (e.g., a hairpin), or form complex
structures recognized as an internal ribosome entry site (IRES). The AUG start codon
and stop codons flank the protein coding sequence (dark blue). Additional regulatory
features in the 3’UTR including 3’elements with cognate binding proteins (black oval) or
microRNA (miRNA) target sites may also regulate translation. Modified from Hentze,
Gebauer, and Preiss, Ch. 10 of Translational Control in Biology & Medicine, Eds.

Mathews, Sonenberg, and Hershey. Ref. [229].

200



1
miRNA

o
[e]
-
w

hairpin

Cim

m’Gppp

Ch. 10, Translational Control in biology & Medicine

Modified from Hentze, Gebauer, and Preiss
Eds. Mathews, Sonenberg, and Hershey

201



Figure 4.10: Computational prediction of secondary structure mRNA from the
5’UTR of RGMec. Representative results of the secondary structure of the 5’UTR from
three different mMRNA splice variants as predicted from mFold [257, 258]. C=G bonds
shown in red, and T=A bonds shown in blue. See Table 4.1 for additional details on the
total number of structures and the average theoretical Gibbs Free Energy (AG®) of folding
(units kcal/mol) for the UTRs of RGMc. The blue arrow denotes hairpin structure at

+104 to +115 that is present in the majority of predicted structures.
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Chapter 5

Summary and Future Directions

“To solve a basic problem in medicine, don’t study it directly; rather, pursue a curiosity about

nature and the rest will follow.” —Roger Kornberg, 2008

“Somewhere, something incredible is waiting to be known.” —Carl Sagan
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5.1: Overview

The major findings and contributions of this dissertation are (i) defining the detailed gene
structure of mouse RGMc, and using genomic sequence alignments to map the RGMc
gene in other species, (ii) characterizing the promoter of RGMc in skeletal muscle, (iii)
identifying a post-transcriptional regulatory element in the untranslated region of RGMc
that appears to act as a positive translational regulator, and (iv) creating a phylogentic
tree and ab initio protein model of the RGM family. In the text below, a synopsis of the
major discoveries is outlined along with areas that | envision are the most important

directions for future research within the field.

5.2: Summary of Chapter 2: The Repulsive Guidance Molecule Family

The work presented in chapter 2 analyzed sequencing and genomics data for the RGM
family of genes, as well as summarized the current understanding of the published
literature on the RGMs. As there had been no comprehensive assessment of the most
fundamental aspects of the biology of the RGM family, including regulation of gene
expression, control of protein biosynthesis, the relationship of protein structure to
function, or mechanisms of action of each of the RGM proteins, the work in chapter 2
addressed the molecular biology and biochemistry of the RGM family, defined and
critically evaluated what was known, and identified new areas for future investigation. A
central theme throughout the chapter was comparative genomics from the chromosomal
level, through the gene structure, to analysis of the protein sequence in order to make

predictions about RGM family structure and function.

A phylogentic tree of the RGM family (Fig. 2.12) was developed through comparisons of
the RGM family on the level of the chromosomal loci (Figs. 2.1, 2.6, an 2.8), the
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structure of the genes (Figs. 2.2, 2.7, and 2.9), as well as analysis of the individual
nucleotides on a “codon-optimized alignment” (see figure legend 2.12 for details). From
this data, it was concluded that RGMa and RGMb shared a common ancestral gene more
recently than RGMc. While there are features of the proteins that would suggest an
alternative hypothesis (that RGMa and RGMc shared a common ancestral gene more
recently, a view advocated by Camus and Lambert [35]), closer analysis of the data
presented in this thesis and elsewhere [29, 152] suggest the relationship depicted in figure
2.12 is the most parsimonious explanation for the evolution of the RGM family. From a
regulatory perspective, it is intriguing to speculate about the differences in structure and
function of the promoters of the RGM family members. For example, what changes in
the promoter allowed such unique tissue-restricted expression, with RGMa and RGMb
being expressed in the nervous system with non-overlapping patterns, and RGMc being
expressed exclusively in striated muscle and liver? Future work on the promoters of
RGMa, RGMDb, and species with a single RGM like Ciona will illuminate this interesting

question.

On the level of the protein, it was shown that RGMa, RGMb, and RGMc, are products of
distinct single-copy genes that arose early in vertebrate evolution, are ~ 40 - 50%
identical to each other in primary amino acid sequence, and share similarities in predicted
protein domains and overall structure. While this chapter focused primarily on
previously published data and making inferences based on sequence homology, a recent
publication by Nili, Shinde, and Rotwein demonstrated that the 50 and 40 kDa RGMc
isoforms (see soluble forms in Figs. 2.3B and 2.5) can function as broad BMP antagonists
[263], providing further insight into the possible function of the endogenous RGM
proteins, in addition to being a valuable resource for fields that encomapsses BMP
signaling, which range from development to cancer. The known disease-causing mutions
of juvenile hemochomatosis (JH) were analyzed in comparison to the linear sequence
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(Fig. 2.10 and Tabel 2.8), and coupled with the first ab initio protein model for any RGM
gene. In sum, these data may provide critical insight into developing and testing new

hypotheses about structure-function relationships in the RGM protein family.

5.3: Summary of Chapter 3: Structure of the RGMc gene and

characterization of the RGMc promoter

Chapter 3 provided a look into the transcriptional regulatory mechanisms of RGMc, the
first for any of the RGM family. The detailed gene structure of mouse RGMc was
obtained via mapping of the transcription start site through 5S’RACE and overlapping-
primer RT-PCR experiments. | showed that RGMc is a 4-exon gene that undergoes
alternative RNA splicing in exon 2 to yield three distinct mMRNAs differing in the length
of the 5’ untranslated region (UTR). The possible functional consequences of these
variable 5’UTRs was discussed in chapter 4 (see below). As this alternative splicing is
present in all tissues known to express RGMc (Figs. 3.3 and 4.4A) and the splice acceptor
site appears conserved across 10 mammalian vertebrates (Fig. 3.3B), it is likely that this
variable 5’UTR is a property of all RGMc genes. As the 5’UTR of RGMc is longer than
average (Fig. 3.4), the implications for additional mechanisms of regulation become

apparent and are discussed in detail in chapter 4 (and see discussion below).

After demonstrating that the major regulatory mechanism for the appearance of mRNA is
the induction of transcription (Figs. 3.5 and 3.6), | showed that RGMc is regulated by
three defined regions in the proximal promoter (Fig. 3.10), that when collectively
mutated, abrogate reporter activity (Fig. 3.13). Further analysis revealed that there are no
other transcriptional enhancer, or repressor, elements located within a ~11.7 kb locus

(Fig. 3.12), suggesting that the major transcriptional regulatory elements for RGMc
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transcription in skeletal muscle are located within a well-conserved (Figs. 3.8 and 3.14)

region of ~0.6 kb.

These three critical regions of the proximal RGMc gene promoter, comprising paired E-
boxes, a putative Stat and/or Ets element, and a MEF2 site, are controlled by members of
the bHLH and MEF2 family of transcription factors (Figs. 3.15 and 3.16). Future work
will need to identify the factors necessary for the regulation of the p-element
(summarized in figure 3.17). In addition, experiments to understand the transcriptional
regulation in the liver will likely provide a fuller appreciation for evolution of the RGMc
promoter, and how its expression is restricted to striated muscle and liver. A survey of
published large-scale experiments presented in chapter 3 suggests that the orphan nuclear
receptor HNF4a is localized to the locus [183], and functionally important [184] for
RGMc expression. Future work will need to uncover these mechanisms as well as the
understanding of the chromatin remodeling machinery associated with the regulation of

RGMc, and the RGM family of genes.

Finally, using phylogenetic footprinting based on the functional data presented in the rest
of the chapter, I suggest several hypotheses about the regulatory mechanisms that may
control the expression of RGMc in other species, along with inferences that extend to the
RGM family. The data presented in chapters 2 and 3 provide the research community a
foundation with which to expand our knowledge about the regulation of the RGM family
of genes, and understanding as to how genes evolve to have such unique tissue-restricted

patterns of expression.
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5.4: Summary of Chapter 4: Post-Transcriptional regulatory

mechanisms of RGMc expression

The data in chapter 4 provide an additional regulatory mechanism for RGMc gene
expression, and the intriguing possibility of a positive translational regulatory mechanism
in the 5’UTR of the gene. | defined a novel post-transcriptional control region found
within exon 1, called the e-element, that increased reporter expression by 10-fold in
muscle cells (Fig. 4.1) and ~40-fold in three liver cell lines (Fig 4.7). Three different
hypotheses were presented (Fig 4.3) and tested in chapter 4. Since the levels of mMRNA
did not appreciably change with the addition of this region, the data presented in this
chapter support the hypothesis that the e-element is acting as a translational control

element.

As noted in the introduction (chapter 1) of this thesis, regulation at the level of translation
can provide numerous benefits over control at the level of transcription including rapidity
and fine control of expression of the nascent protein [22]. One interesting possibility was
that iron levels might change the levels of expression with each of the three different
5’UTRs found in RGMc (Figs. 3.2, 3.3, and 4.4). However, as shown in figure 4.8C,
neither iron depletion nor iron loading causes a change in expression of RGMc. Thus, in
combination with previously published work form others [238], it appears that RGMc
levels may only be sensitive to iron levels at the protein level [67]. Nevertheless, there
may be a subtle (i.e., ~2-fold) change in levels of expression with the longer sized
5’UTRs, but the functional consequence of these changes are currently unknown.

Several possible reasons for this change were presented including oligopyrimidine
binding proteins, secondary structures in the UTR, or structures permitting ribosome
entry (e.g., IRES) or “shunting” (bypass of structures). Future work should begin with
individual mutations of the UORFs (Fig. 4.5B), as well as an in vitro translation of the
MRNA with and without the e-element. A great deal of experimental work is simply

waiting to uncover the mechanism by which the e-element regulates RGMc expression.
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5.5: Concluding Statements

The results presented in this dissertation provide the foundation for understanding the
regulatory mechanisms of RGMc expression and evolutionary origins of the family.
These data also provide ample opportunity for follow-up experiments ranging from
characterization of the RGMc promoter in other tissues and species, to promoter and
post-transcriptional regulation in other RGM family members, to evolutionary analysis
by comparing the structure and function of the RGM genes from animals with a single
RGM (e.g., Ciona intestinalis) to those animals with multiple RGMs. From the data
presented here, it appears likely that RGMc is a gene that arose early in vertebrate
evolution, and may have a great deal to teach us concerning iron metabolism and tissue-
specific gene regulation. In addition, the ancestral function of the RGM family remains
unsolved, and the regulatory mechanisms of the other family members equally enigmatic.
One of the primary perspectives presented in this dissertation may be summed up by a

statement made by Francgois Jacob in 1977:

Evolution does not produce novelties from scratch. It works on what already
exists, either transforming a system to give it new functions or combining several
systems to produce a more elaborate one. This happened, for instance, during one
of the main events of cellular evolution: namely, the passage from unicellular to
multicellular forms. This was a particularly important transition because it carried
an enormous potential for a specialization of the parts. Such a transition, which
probably occurred several times, did not require the creation of new chemical
species, for there are no major differences between molecular types of uni and
multicellular organisms. It was mainly a reorganization of what already existed.
-Science (1977), Ref. [26]

My hope is that the work presented here has contributed to the fundamental knowledge of
RGMc and the RGM family of genes, as well as provide tools for additional hypotheses
to be tested in understanding the molecular evolution of the appearance and regulation of

gene families.
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Figure 5.1: Model for the regulation of RGMc derived from data in this dissertation.
The model for RGMc regulation begins with transcriptional control by three promoter
elements (described in chapter 3). In muscle, the a-element is a set of paired E-boxes
spaced ~70 base pairs apart and controlled by members of the basic helix-loop-helix
(bHLH) family of transcription factors (TFs). In skeletal muscle, this is most likely
myogenin. The B-element is a critical region for promoter activity and appears to be a
Stat and/or Ets binding site, but the exact TF is unknown at this time. The y-element is a
MEF2 site bound by a member of the MEF2 family of TFs. Following the appearance of
a nascent transcript, the e-element in the 5’-untranslated region (UTR) appears to act as a

positive regulator for translation. UTR in yellow and coding sequence (CDS) in blue.
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Appendix 1
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Figure Al: The g-element does not affect the proximal promoter mutations. The
Results are depicted of luciferase assays in differentiating Ad-MyoD-10T%: cells (left
panels) and C2 myoblasts (right panels) transiently transfected with reporter genes
containing substitution mutations of the mouse RGMc promoter (shown as an ‘X’ over
individual sites). In addition, the bottom graphs contain the e-element. Cells were
incubated in DM for 0 (white bars), or 24 or 48 hr (gray bars) before analysis. The
graphs depict results of 3 - 10 independent experiments (mean + S.E.), each performed in

duplicate. See Fig. 4.1 for additional details.
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